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Abstract 
Frustrated Lewis pairs (FLPs) are powerful, typically nonmetal, Lewis 
acid/base combinations that can split dihydrogen (H2) heterolytically, due to their 
inability to form conventional Lewis adducts (usually as a result of steric repulsion). 
The H2 thus activated can be transferred to various substrates in a catalytic fashion. 
The scope of substrates catalytically hydrogenated with FLPs is rapidly expanding, 
approaching that of transition-metal-catalyzed hydrogenations. The discovery of 
FLPs is, perhaps, one of the most remarkable recent findings in the field of main 
group organometallic compounds. 
The literature review part provides a brief critical overview of heterolytic H2 
splitting with FLPs, including the thermodynamic, mechanistic, and catalytic aspects 
of this process. Particular emphasis is placed on the Lewis acidity of various 
boranes, since this factor is critical for the ability of FLPs to split H2 and provides a 
basis for introducing fluoroaryl-free boranes into the FLP area. 
The experimental section of the thesis is devoted to the development of FLP 
catalysts, based on an ansa-aminoborane core for hydrogenation of various 
substrates. Within the study, various parts of the ansa-aminoborane molecule were 
modified: 
an amine group, resulting in highly active ansa-aminoboranes for 
hydrogenation of imines and other nitrogen-containing compounds, also featuring 
other unique properties; 
a mutual B/N geometry (changing the nature of the link), resulting in an ansa-
catalyst for hydrogenation of unactivated alkynes; 
and a borane part, revealing that lightweight and inexpensive ansa-
aminochloroboranes show reactivity to H2 similar to that of C6F5 boranes, including 
catalytic abilities. 
A book chapter covering recent progress in frustrated borane/amine Lewis 
interaction, involving ansa-systems was included in the thesis. 
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Introduction 
The concept of frustrated Lewis pairs (FLPs) was introduced
1
 by D. Stephan 
et al. soon after the discovery of reversible dihydrogen (H2) activation with 
phosphinoboranes.
2
 The main idea is simple: a pair comprising a Lewis acid (LA) 
and a Lewis base (LB), unable to produce a Lewis adduct or producing a weak 
adduct
*
 due to steric hindrance, has unquenched reactivity. It can be disengaged if 
a geometrically smaller and electronically suitable molecule can fit in between the 
acid and base, forming bonds with each other (Fig. 1). 
D A
Lewis base Lewis acid
repulsion
D A D
+ A-
No reaction or 
weak adduct:
Frustrated Lewis pair
         (FLP)
Classical Lewis adduct
X Y
small molecule
D+ A-X Y
FLP-XY adduct
 
Figure 1. Unlike a classical Lewis pair, a frustrated pair does not produce a stable adduct 
due to steric repulsion. 
Generally, three types of FLP reactivity have been reported to date (Fig. 2): 
a) Heterolytic splitting of the substrate's σ-bond. Usually, the substrates are 
protogenic species resulting in splitting of a sufficiently acidic hydrogen atom as H
+
: 
H2, HX (X = halogen, OH, OR, etc.), terminal alkynes.
3,
 
4
 Examples of heteroatomic 
bond cleavage in disulfides,
5
 ethers,
6
 and singlet oxygen
7
 were reported. 
b) 1,2-Addition of the acid-base pair to the π-bond of the substrate. Not only 
polar oxygen-containing carbonyl compounds,
8,
 
9
 CO2,
9, 10
 isocyanates,
8, 9
 
isothiocyanates,
9
 nitriles,
9
 diazo compounds,
11
 nitroso compounds,
8
 and SO2,
12
 
were activated, but also alkenes
13,
 
14
 and alkynes,
3
 including conjugated.
15,
 
16
 
                                                 
*
 In this case the 'weak adduct' refers to a dissociation energy low enough to be caused by 
thermal promotion, thus providing sufficient concentration of free acid and base for further 
reaction with substrate. 
 11 
Depending on the conditions, terminal alkynes show amphoteric reactivity: CH-
activation or 1,2-addition.
4
  
b') A special case of type b is the addition of highly acidic boranes to 
enamines and imines. Many examples were reported with B(C6F5)3
17,
 
18
  and some 
with HB(C6F5)3 recently.
19,
 
20
 
b'') 1,3-Dipolar addition of the acid-base pair to 1,3-dipoles: reactions with 
N2O.
21, 22
 
c) 1,1-Addition of the acid-base pair to a substrate is presented by activation 
of NO
23
 and azides.
8
 
X Y + A YD A
-
a)
b) X Y + AD
X
Y A-
D+
c)  + AD X
X
A-+D
X = H, Y = H, halogen, OH, R
X Y = R1R2C=O, OC=O, RN=O, 
RNC=O, OS=O,
R1R2C=CR3R4,  R1CCR2
(C6F5)2
-B
N
P+(t-Bu)2
O
=
X, Y = RS
XY = R1OR2
D X
+
R = organic radical D = Lewis base (donor)
A = Lewis acid (acceptor)
b')
 + A
X
Y A-
+D
X Y
D
X Y
D =
(C6F5)2
-B
N
P+(t-Bu)2
N
NR
b'')
 + A
X+Y =
Z-
D
X
Y Z
A-+D
X+Y
Z-
N+N
O-
R1R2N
R3 R5
R4
 
Figure 2. General reaction types of frustrated Lewis pairs reported to date. 
The diversity of small molecule types that can be activated by FLPs, 
sometimes by a single frustrated pair,
8, 9
 is unprecedented in main group chemistry 
and forced some researchers to draw parallels between FLPs and transition metals 
(TMs).
24
 The latter have abundant d-orbitals close in energy and with variing 
symmetry. Most often, TM bonding results in simultaneous overlapping of ligand’s 
both frontier orbitals with the metal center (back donation). In case of reaction 
between the FLP and substrate (Fig. 3), four orbitals interact: two from the 
substrate, bonding and antibonding, typically frontier; while a Lewis acidic 
component participates by its LUMO localized on the central atom and a Lewis 
 12 
base – by its HOMO localized typically on N or P as a lone pair, i.e. at the 
nonbonding orbital. As result, a heterolytic cleavage of one substrate's bond occurs 
along with formation of two new σ-bonds. This bonding pattern is quite unique and 
has little in common with TMs. In addition, FLPs, in contrast to TMs, have low 
capacity for bonding orbitals: simultaneous addition of more than one substrate to 
the same FLP is implausible. This shortcoming expectedly restricts the potential of 
FLPs in catalysis. The wide diversity of molecules reacting with FLPs may originate 
from high reactivity of the latter, since most small molecules are bound irreversibly. 
Substrate
orbitals
Lewis
base
HOMO
Lewis
acid
LUMO
FLP adduct  
Figure 3. FLP-substrate bonding pattern: the LA participates by its LUMO, the LB by its 
HOMO, while the substrate participates by its two orbitals (one bond breaks) and two new 
σ-bonds form. 
Although many of the FLP reactivities reported have been unprecedented in 
metal-free chemistry, few of them can be seen as practically important. The major 
exception is H2 activation, which turned into the rapidly growing area of FLP-
catalyzed hydrogenation of various organic compounds.
25,
 
26,
 
27
 The term 'activation' 
is refers to the transformation of otherwise unreactive molecules into reactive form, 
especially in a catalytic manner. While this applies to H2, it is transformed into 
reactive onium borohydrides, the vast majority of other small molecules were 
'activated' into FLP adducts that were not involved in any further transformations. 
Therefore, the term 'activation' should be used with care. 
Early examples of FLP reactivity were reported in the literature, and many 
more chemical processes that involve simultaneous presence of a Lewis acid and a 
 13 
Lewis base are likely to involve FLP mechanisms. Nevertheless, it was 
perfluoroarylboranes (PFBs), particularly, B(C6F5)3 (1), that made activation of 
practically important small molecules such as H2 possible. With few exceptions, 
such as perfluoroarylaluminums;
28
 zirconium,
29
 titanium,
30
 silyl,
31
 and borenium
32
 
cations, the Lewis acidic part of FLPs is presented by perfluoroarylboranes. The 
main features of PFBs are high Lewis acidity (comparable to boron halides, see 
below) and high hydrolytic stability. They make PFBs unique Lewis acidic catalysts 
for various organic reactions
33
 and efficient non-methylaluminoxane activator of 
metallocene catalysts for polymerization of α-olefins.
34
 On binding of alkyl or other 
groups to PFB, a weakly coordinating anion is generated, which is crucial to many 
activation processes.
35
 
Usually, sterically encumbered amines or phosphines are used as the basic 
parts of FLPs. Although more exotic N-heterocyclic carbenes
36,
 
37
 and carbon-
based bases
38,
 
39
 were reported, they have not found wide application. Amines and 
phosphines are equally popular, with some preferences existing in particular 
research groups. Amines have several advantages over phosphines: the N-C bond 
length (1.3–1.5 Å) is substantially shorter than in P-C bonds (1.7–1.8 Å), creating 
significantly more crowded surroundings around N center. Indeed, most of the 
phosphines used possess at least two tert-butyl or mesityl groups. In contrast, 
various simple and commercially available amines were used as part of FLPs, 
including such sterically accessible ones as N,N-dimethylaniline.
40
 In addition, tert-
butyl-phosphonium group tends towards elimination of isobutene,
41,
 
42
 which can 
lead to degradation of the FLP adduct. On the other hand, B(C6F5)3 abstracts 
hydride from many amines containing α-hydrogen atoms.
43
 
44
 This reaction, 
however, is reversible, especially, under conditions of H2 activation. 
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Scope of the thesis 
Several years before Stephan's pioneering studies, the aminoborane system 
2 based on the similar principals was published by Piers' group (Fig. 4).
45
 The 
amine and borane parts of this molecule were linked by a phenylene ring, 
exemplifying the first frustrated ansa-aminoborane, although H2 activation with 2 
was unsuccessful. It was Stephan et al. who demonstrated for the first time that the 
metal-free system 3 can split dihydrogen heterolytically, opening the intriguing area 
of frustrated Lewis pairs.
2
 Later,  Repo et al. showed that simple sterically hindered 
amines (e.g. 7) can be used as a basic part of FLP.
46
 In addition, the catalytic 
properties of frustrated phosphinoboranes in hydrogenation of imines were 
demonstrated.
47
  
Inspired by these results, previous findings by Stephan's and Piers' groups 
and rational consideration that the chelating (ansa) configuration of an acid and a 
base may facilitate H2 splitting, the ansa-aminoborane CAT was synthesized by 
Repo et al.
48
 This compound demonstrated much faster H2 uptake than the 
intermolecular amine/borane system. In addition to kinetic advantages, ansa-
configuration of CATH2 provided additional stabilization due to so-called 
'dihydrogen bond' – proximity of NH
+
 and BH
-
 hydrogen atoms at a distance of only 
1.67 Å. More remarkably, CAT catalyzed the hydrogenation of imines. At the same 
time, CAT suffered from some shortcomings, namely, low catalytic activity requiring 
prolonged heating and inability to catalytically hydrogenate some substrates. Since 
H2 activation by CAT is a rapid process, it is the further transfer of H2 to imine that 
makes the entire process slow. 
 15 
N
B
C6F5
C6F5
NR1
R2
R3
H
NR1
R2
R3
15 atm H2
heating
CAT
B
C6F5
C6F5
NPh2
Piers et al., 2003
B
C6F5
C6F5
Mes2P
F F
F F
Stephan et al., 2006
BH-
C6F5
C6F5
Mes2HP
+
F F
F F
1 bar H2, RT
N+
B-
C6F5
C6F5
H
H
CATH2
2
3 4
>100 °C
cat. - 4 or CATH2
N
H
1 bar H2, RT
>100 °C
P
1 bar H2, RT
[tBu3PH]
+[HB(C6F5)3]
-  (6)
Stephan et al., 2007
+ B(C6F5)3 (1)
1 bar H2, RT
[TMPH]+[HB(C6F5)3]
-  (8)
Sumerin et al., 2008
Stephan et al., 2007
Sumerin et al., 2008
Sumerin et al., 2008
5
7
+ B(C6F5)3 (1)
 
Figure 4. Key steps in the development of the FLP area. 
Present work was aimed on the development of metal-free catalysts for 
hydrogenation of various substrates. The core of the CAT molecule was taken as a 
basis and its various parts were modified (Fig. 5). The resulting new ansa-
aminoboranes possess many unprecedented features that were revealed within the 
study. 
SCAT
B
C6F5
C6F5
NN
B
C6F5
C6F5
CAT
N
B
C6F5
C6F5
QCAT
Variation in the amine part Reduction in the B/N link
diClCAT
BCl2
N
Variation in the boryl part
 
Figure 5. Modification of the original CAT system studied in the present work. 
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Literature review 
1. Thermodynamic basis of H2 splitting by FLPs 
Due to the simplicity of the H2 molecule and the overall process, as well as 
the availability of some thermodynamic tabular values, H2 activation can be 
successfully analyzed, using the formalism of Born-Haber cycle. The process can 
be separated into five separate hypothetic processes: Lewis acid and Lewis base 
preparation, heterolytic H2 dissociation, hydride addition to an LA, protonation of 
an LB, and eventual aggregation of ions into solid or solvated ionic molecule (Fig.  
6). Evaluation of ΔH
49
 and ΔG
50,
 
51,
 
52
 for H2 activation by various FLPs provided 
data consistent with experimental thermochemical studies (in the case of ΔH) or 
H2-splitting ability/reversibility (ΔG). Importantly, the Born-Haber formalism gives 
theoretical grounds for considering the 'power' of an FLP to a first approximation 
as an additive of the individual powers of the acid and base. They can be defined 
as Gibbs free energies (ΔG) of the proton affinity (PA) of the base and hydride 
affinity (HA) of the base, and are the major negative components in the overall ΔG 
value. This simple consideration gives ample opportunity for tuning the 
thermodynamic properties of FLPs with respect to H2 activation: the weakness of 
the acid can be compensated for to some extent with the power of the base and 
vice versa. By tuning the nature of the acid and base, the H2 splitting can be made 
energetically neutral and, hence, reversible, if needed.
53,
 
54
 The preparation 
energy (Eprep) can be varied, but for truly frustrated pairs it is negligible. The 
association energy can provide additional stabilization of the product and will be 
discussed in Chapter 5. 
D···A → A + D 
Preparation of the Lewis acid (LA) and base (LB), e.g. 
Lewis adduct dissociation, if any; or the dissociation of 
the encounter complex (EC). 
H2 → H
+
 + H
-
 
Heterolytic H2 splitting,  
ΔH = 400.4 kcal/mol in the gas phase;
55
 
ΔG = 128.8 kcal/mol in toluene;
50
 
A + H
-
 → AH
-
 Hydride affinity (HA) – H
-
 addition  to the LA. 
D + H
+
 → DH
+
 Proton affinity (PA) – H
+
 addition to the LB. 
AH
-
 + DH
+
 → [DH]
+
[AH]
-
 Association of the ions into an ionic pair. 
Figure 6. Partition of the energy of hydrogen splitting by FLPs in terms of Born-Haber 
cycle formalism. 
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In most cases conventional amines or phosphines are used as bases, and 
their proton affinities (PA) are well studied experimentally or can be easily 
predicted computationally and varied to a large extent. Typical values of the most 
studied bases, 2,2,6,6-tetramethylpiperidine (TMP) and phosphines, were 
estimated in the range of ΔG = -60 to -50 kcal/mol (toluene solution),
50
 with  TMP 
and Mes3P being the weakest and Cy3P the strongest base. H2 splitting with 
extremely basic N-heterocyclic carbenes (PA of ItBu is -80 kcal/mol in toluene) 
was reported.
36, 37
 Iminophosphoranes were used recently by Stephan's group as 
a basic part of FLPs.
56
 On the opposite edge of the basicity scale, 
triarylphosphines with electron withdrawing substituents are located. It was 
demonstrated that the low basicity of these phosphines plays the key role in an 
elegant way of alkene hydrogenation catalyzed by FLPs.
57
 
The crucial role of fluoroarylborane features in H2 splitting was mentioned 
previously. Increase in Lewis acidity can expectedly cause a rise in FLP reactivity 
or catalytic activity (in certain cases when FLPs are used as catalysts). The 
problem of designing powerful LAs was addressed previously in regard to α-olefin
 
polymerization
34, 58
  and revived recently with the discovery of H2 activation with 
FLPs. 
Clearly, the Lewis acidity of any compound cannot be considered apart from 
a binding base (donor). As a result, affinities for various donors, e.g., fluoride,
59,
 
60
 
hydride,
61
 acetonitrile, amines,
44
 ethyl acetate, carbon monoxide, 
crotonaldehyde,
62
 triethylphosphineoxide, etc. have been proposed for ranking 
Lewis acids. As expected, these scales do not always correlate; in addition, many 
of them are based on the indirect (usually spectroscopic) methods of affinity 
determination. The hydride affinity (HA) scale is the most relevant for H2 splitting 
with FLP. Although calculated HAs are extensively used in FLP chemistry,
50
 direct  
experimental measurements of the HAs are complicated.
63
 In those cases where 
such studies can be performed, the enthalpies in the gas phase were obtained
55
 
and correlations with free energies in solution are required. As result, other donors 
are widely used to compare the acidity of boranes. Some insight into the Lewis 
donor-acceptor bonding of boranes as typical main-group LAs can be provided 
with the energy decomposition analysis.
64
 The bond dissociation energy (De) can 
be partitioned into two major components, ∆Eprep + ∆Eint. 
 -De = ∆Eprep + ∆Eint = ∆Eprep + ∆Eelstat + ∆Eorb + ∆EPauli 
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∆Eprep – preparation energy, required for deformation of acid and base from their 
ground electronic states and geometries into fragments corresponding to their final 
condition in the adduct. ∆Eint – the actual energy of the deformed fragments 
interaction which can be partitioned into electrostatic (∆Eelstat) and orbital (∆Eorb) 
interactions and Pauli repulsion (∆EPauli). ∆Eelstat and  ∆EPauli are sometimes 
combined into a steric interaction term ∆E° reflecting non covalent interactions 
between donor and acceptor fragments. 
The utility of the bonding analysis can be demonstrating with the following 
example: it is well known that the affinity for strong LBs increases in the series 
BF3<BCl3<BBr3, while with weak bases (CO, HCN, CH3CN, and CH3F) the trend is 
contrasting.
65, 66
 Since the electronegativity of halogenes falls in the series 
F>Cl>Br, debates on the origin of the stronger interaction in H3N→BCl3 compared 
with H3N→BF3 lasted for decades and many explanations were proposed. The 
more efficient back donation from the 2p orbital of the F than from the 3p of the Cl 
to the pz orbital of boron atom, populating it, is the most popular explanation. 
However, in the final pyramidal state of the BX3 fragment, the -overlapping 
should be inefficient. It was suggested that the higher charge capacity of BCl3 due 
to larger and more polarizable substituents is responsible for the stronger B-N 
bond.
67
 Gillespie et al., based on the ligand close-packing model developed, 
suggested that the stronger B-F bonds require more energy to pyramidize.
65 
Eventually, energy decomposition analysis recently performed for this case has 
revealed that a) ∆Eprep is nearly the same for both adducts and b) the stronger 
H3N→BCl3 adduct is caused by a stronger B-N covalent bond (∆Eorb 49.7% vs 
45.9% in H3N→BF3), which in turn is caused by the lower LUMO level of BCl3.
68
 
The reason for the lower LUMO level of BCl3, however, was not defined. In 
addition, although the energy decomposition analysis provided meaningful 
components of the bonding energy, the impact of ∆Eorb and ∆Eelstat was to some 
extent equal, while the relative value of the final bond dissociation energy (De) 
compared with the attracting (∆Eorb + ∆Eelstat) and repulsive (∆EPauli) component 
was small, making the difference in De of the two adducts negligible compared 
with the components.
†
 
                                                 
†
 For example, in De(BCl3-NH3) vs. De(BF3-NH3), the difference was only 2.5 kcal/mol or 
1.3%, while ∆EPauli(BCl3-NH3) = 190.1 kcal/mol (100%) and ∆EPauli(BF3-NH3) = 125.9 
kcal/mol (66.2%). DFT calculations at the PW91/QZ4P level.
68
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Despite such complex bonding pictures of Lewis adduct formation, attempts 
were made to introduce universal indices of acidity, based on the nature and 
properties of LA only.
66 
Although most of the indices proposed are based on 
calculations, the LUMO level of LA is an important molecular characteristic which, 
on one hand is correlated with ∆Eorb, and on the other can be evaluated from 
electrochemical measurements. 
To evaluate the Lewis acidity of boranes, spectroscopic methods are 
routinely used (Fig. 7). Infrared spectroscopy (IR), namely, vibrational C=O band 
frequency (Δν(C=O)) of TM carbonyls is heavily used to study the bond strength 
with this important ligand. Unlike TMs, main group LAs bind CO weakly and the 
change in IR C=O band frequency (Δν(C=O)) of ethyl acetate upon binding to LA 
was used. Adducts 11 have shown good qualitative correlation of the acidity of 
inorganic Lewis acids (LA = BF3, BCl3, BBr3, AlCl3) in comparison with other 
methods.
69
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Figure 7. Spectroscopic methods of Lewis acidity determination. 
Due to the abundant use of NMR spectroscopy, two other spectroscopic 
methods of acidity evaluation are widely used (Fig. 7). The scale of Childs
62
 
postulates a linear correlation in the change in chemical shift of the H-3 vinylic 
proton of crotonaldehyde→LA adducts 9 and their Lewis acidities. This method 
was theoretically rationalized via a linear correlation found between the change in 
chemical shift and the calculated level of the lowest π* MO of the Lewis adduct.
70
 
Direct calorimetric studies, however, showed only a qualitative correlation between 
the change in the chemical shift and the enthalpy of the crotonaldehyde adduct 
formation.
71
 On an analogical scale, the Gutmann number
72
 
73
 is based on the 
change in the 
31
P chemical shift in Et3PO upon coordination with LA. Both 
methods showed good linear correlation over a broad range of inorganic LAs (R
2
 = 
0.97).
74,
 
75
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When, however, various organoboranes were compared, using the 
Gutmann and Childs methods, a strong inconsistency between them was 
observed. For example, while B(OC6F5)3 is slightly stronger than B(C6F5)3 on the 
Gutmann scale, it is substantially weaker in the Childs method.
76
 This 
contradiction was explained, using the hard and soft acid and base (HSAB) theory: 
B(OC6F5)3 and Et3PO are considered to be a hard LA and a hard LB, respectively, 
while B(C6F5)3  and crotonaldehyde are soft, leading to stronger coordination 
within matching pairs. Particular care should be taken in measuring the acidity of 
weak LAs by the Gutmann method, since the formation of the adduct in solution 
can be incomplete.
77
 Due to the existing equilibrium between Et3PO and 
Et3PO→LA and their rapid exchange, the 
31
P chemical shift observed can be 
substantially lower than the actual shift for Et3PO→LA. For example, the shift in 
the 1:1 Ph3B:Et3PO mixture is about 5 ppm lower than that in a 5:1 mixture. Since 
researchers routinely use 3 eq. of Et3PO, the measured acidity can be very far 
from the actual acidity. Importantly, sufficiently strong acids such as (C6F5)3B, 
coordinate Et3PO quantitatively, showing no dependence of the chemical shift on 
the Et3PO/LA ratio. 
A simple and direct experimental method is based on competing binding of 
acetonitrile between two acids. Acetonitrile is a small linear molecule that is 
relatively insensitive to steric factors. Even with strong LAs, such as PFBs, the 
adducts are kinetically labile, providing rapid equilibrium.
 78
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2. Strategies towards design of highly acidic boranes  
Attempts to make fluoroarylboranes more Lewis acidic than B(C6F5)3 were 
made by introducing fused and conjugated perfluoroaryls expected to be stronger 
electron-withdrawing groups (EWG) than C6F5 (Fig. 8). Reported examples include 
replacement of C6F5 with 2-perfluoronaphthyl (12),
78, 79
 2-perfluorobiphenyl (partial, 
borane 13;
80
 complete, 14),
79, 81,
 
82
  bis-3,5-(trifluoromethyl)phenyl,
83
 and their 
acidity measurements are summarized in Table 1. Only in the case of 12 did 
various methods (calorimetry of reaction with acetonitrile; Childs and Guttmann 
methods) show evidence for slightly higher acidity than that of B(C6F5)3, while the 
other boranes demonstrated contradicting trends, which were usually explained in 
terms of HSAB theory. 
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Figure 8. Highly acidic perfluoroarylboranes with varied nature of fluoroaryl substituents. 
Interestingly, substitution of a single p-F atom in B(C6F5)3 with a phosphino 
group did not lead to substantial loss in acidity, while substitution with a cationic 
phosphonium group (17–20) (e. g. as a result of phosphino group protonation) led 
to a dramatic rise in acidity (Fig. 8, Table 1).
84
 This effect, apparently, plays an 
important role during H2 activation with 3 and 16, leading to additional self-
stabilization of the H2 adduct. Thus, introduction of cationic substituents provides 
another way of designing highly Lewis acidic boranes. 
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Table 1. Comparative data of Lewis acidic properties of various inorganic and organic 
boranes. 
BR3 
Acetonitrile 
affinity  
-ΔHf
298
, 
kcal/mol, [Keq]
a)
 
Crotonaldehyde affinity 
Et3PO 
affinity 
(Guttman 
number), 
δ 
31
P 
c)
 
Hydride 
affinity in 
gas 
phase 
-ΔHf
298
, 
kcal/mol
d)
 
Repor-
ted H2 
activa-
tion 
-ΔHf
298
, 
kcal/mol 
Childs 
number,  
Δ(δ 
1
H) 
b)
 
BF3 14.4 
e) 85
  1.17
62
 80.9
75
 
75.5
 h) 
 
70.5
 i) 
 
 
BCl3  
24.4(3) 
e) 
71
 
1.35
62
 88.7
75
 95.8
 i) 
  
BBr3   1.49
62
 90.3
75
 104.9
 i) 
  
BI3    92.9
75
 112.6
 i) 
  
BFH2     63.2
 i) 
  
BClH2     80.9
 i) 
  
BBrH2     87.3
 i) 
  
BIH2     94.3
 i) 
  
BF2H     60.0
 i) 
  
BCl2H     88.1
 i) 
  
BBr2H     97.3
 i) 
  
BI2H     106.0
 i) 
  
B(C6F5)3 17.1(9)
 f) 79
 
19.5(1)
 f) 
79 
 
1.00
 g) 84 
1.00
87
 
1.01(3)
91
 
1.05
94 76 
1.08
83
 
78.0
74
 
78.1
84
 
77.0
94
 
76.6
76 
76.3(1)
77
 
77.3
83 
77.8
87
 
119.5
 j) 
 +
86
 
B(p-HC6F4)3 [0.5(1)]
 e) 87
  0.97 [1.00]
87
 77.4 [77.8]
87
 113.3
 j) 
 +
53
 
B(o-HC6F4)3 [0.3(1)]
 e) 87
  0.96 [1.00]
87
 76.7 [77.8]
87
   
B(2,6-F2C6H3)3   0.61 [1.05]
88
 72.6 [78.1]
88
  +
88
 
B(2-Np
F
)3 (12) 
17.8(2)
89
 
18(1)
 f) 79
 
[2.5]
 f) 78 
     
B(2-biPh
F
)3 (13) 11.5(3)
 f) 79
 11.2(5)
 f) 79
 0.98
82
 80.68 [77.0]
82
  +
82 90
 
C12F8B(C6F5) (21) [1.30(3)]
91
  
1.04(3) 
[1.01(3)]
91
 
   
B(3,5-(CF3)2PH)3 
(15) 
  0.67 [1.08]
83
 78.9 [77.3]
83
  +
83
 
29 18.5(2),
 
[178(1)]
89
      
tBu2PC6F4B(C6F5)2 
(16) 
   73.1 [78.1]
84
 117.1
 j) 
 + 
Mes2PC6F4B(C6F5)2 
(3) 
  0.97 [1.00]
 g) 84
 77 [78.1]
84
 115.5
 j) 
 +
2
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R3P
+ B(C6F5)2 B(C6F5)4
-
F
F F
F
 
R3P = iPr3P (17)   1.16 [1.00]
 g) 84
 85.6 [78.1]
84
   
R3P = Cy3P (18)   1.15 [1.00]
 g) 84
 85.2 [78.1]
84
   
R3P = tBu2HP (19)   1.12 [1.00]
 g) 84
 80.2 [78.1]
84
   
R3P = Mes2HP (20)   1.16 [1.00]
 g) 84
 84.6 [78.1]
84
   
B(C6F5)2(C6Cl5)   0.63 [1.05]
94
 75.8 [77.0]
94
    
B(C6F5)(C6Cl5)2   0
94
 74.5 [77.0]
94
   
B(C6Cl5)3   0
94
 0.0
94
  +
90
 
BPh3   0.05
76
 
65.9 [76.6]
76
 
70.6(2) 
[76.3]
77
 
74.9
 j) 
  
BMes3     71.1
 j) 
  
BH2CN    
98.2
 j)
 
96.3 ± 3.5(exp.)
 k) 92
 
BEt3    
58.2
 j)
 
58.2
 h)
 
69.4 ± 2.5(exp.)
 k) 92
 
BH3    
69.8
 j)
 
73.7
 h)
 
74.2 ± 2.8(exp.)
 k) 92
 
B(NH2)3     19.8
 i) 
  
B(NH2)2H     24.0
 i) 
  
B(NH2)H2     37.8
 i) 
  
B(OH)3     31.8
 i) 
  
B(OH)2H     36.6
 i) 
  
B(OH)H2     48.4
 i) 
  
B(OtBu)3     38.0
 h) 
  
B(OSiMe3)3     46.4
 h) 
  
B(p-OC6H4OMe)3     69.9
 h) 
  
B(OPh)3   0.03 [1.05]
76
 69.4 [76.6]
 76
 74.0
 h) 
  
B(OC6F5)3   0.40
76
 80.9 [76.6]
 76
 94.3
 h) 
  
B(C6F5)2(OC6F5)   1.00
76
 80.0 [76.6]
 76
   
B(C6F5)(OC6F5)2   0.50
76
 80.5 [76.6]
 76
   
B(SH)3     75.2
 i) 
  
B(SH)2H     72.7
 i) 
  
B(SH)H2     69.8
 i) 
  
B(SMe)3     69.0
 h) 
  
B(SPH)3     86.9
 h) 
  
HB(S2C6H4)     74.3
 h) 
  
a) Keq – equilibrium constant of the reaction PFB + CH3CN-B(C6F5)3 ↔ CH3CN-PFB + B(C6F5)3 at RT. 
b) Difference in chemical shifts of H-3 proton between free crotonaldehyde and its adduct. In square 
brackets – the respective value for adduct of B(C6F5)3 under similar conditions. c) The 
31
P chemical 
shift of Et3PO→borane adduct. In square brackets – the respective value for adduct of B(C6F5)3 under 
similar conditions. d) Calculated value if not otherwise stated. e) In dichloromethane or 
dichloromethane-d2 solution. f) In toluene solution. g) Recovered from reported acidity index. h) Ref. 
63
, 
DFT, B3LYP/6-311+G** basis set. i) Ref. 
60
, coupled cluster theory with single and double excitations 
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and including a perturbative triples correction (CCSD(T)), aug-cc-pVnZ basis set. j) Ref. 
50
, DFT, M05-
2X/6-311++G(d,p) basis set; k) Experimental value.
 
 
It is known, that LUMO levels are linearly associated with the species' 
reduction potential. The reduction potentials of a series of substituted 
triarylboranes B(Mes)n(C6F5)3-n
93
 and B(C6Cl5)n(C6F5)3-n
94
 (n = 0–3) were studied 
with cyclic voltammetry. The reduction potential of B(C6F5)3 was -1.79 ± 0.10 V (in 
CH2Cl2 vs. Cp2Fe
0/+
)
95
 or extrapolated to -1.17 V (in THF vs. Cp2Fe
0/+
). 
Replacement of each C6F5 group with Mes or C6Cl5 led to a shift in potential by 
app. -0.5 mV or +0.2 mV, providing more or less electrophilic species, 
respectively. Although B(C6Cl5)3 is probably much more acidic according to its 
electronic properties, it shows no interaction with crotonaldehyde and Et3PO by 
NMR, while mixed boranes B(C6Cl5)n(C6F5)3-n do interact, though more weakly 
than B(C6F5)3. This effect is attributed to back strain – high preparation energy 
originating from repulsion of bulky C6Cl5 rings on pyramidalization of the borane. 
Nevertheless, B(C6Cl5)3 has recently been reported to split H2 with phosphines as 
bases.
90 
Incorporation of a boron atom into a rigid antiaromatic 4-electron ring
96
 of 
perfluoroborafluorene 21 led to slight increase in Lewis acidity in comparison to 
B(C6F5)3 based on the CH3CN coordination equilibrium constant. The antiaromatic 
character of 5-membered ring led to diminished overlapping between the boron-
fluorene p-π orbitals, simultaneously causing stretching of the C-C bonds of the 
antiaromatic ring.
91
 Interestingly, H2 activation by boroles 22 alone was reported 
recently (Fig. 9).
97
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Figure 9. Borafluorene 21 and boroles 22 containing an antiaromatic ring. Boroles 22 
react with H2 in the absence of a base. 
Another approach towards highly acidic organoboranes is based on 
minimization of preparation energy. Binding of the donor changes the geometry of 
 25 
the borane from planar to tetrahedral. Steric repulsion between the bulky 
fluoroaryls causes the so-called 'back strain', preventing optimal configuration. The 
increased acidity of 21 was also attributed to minimization of back strain.
91
 
Following an analogical approach, it was proposed that F atoms be replace with 
smaller H atoms in the positions ortho to boron, since computations predicted 
stronger coordination between amines or phosphines and these boranes than in 
B(C6F5)3.
98
 Experimental evaluation of CH3CN, Et3PO and crotonaldehyde 
coordination, however, demonstrated a contrasting trend. The acidities were 
ranked in the order B(o-HC6F4)3/B(p-HC6F4)3/B(C6F5)3 = 0.3:0.5:1 (Keq for CH3CN), 
revealing the inductive and additive electron-withdrawing properties of the fluorine 
atoms in the C6FnH5-n groups of tris(fluoroaryl)boranes.
87
 This trend was confirmed 
by studies of the acidity of tris(2,6-difluorophenyl)borane reported recently.
88
 
Calculations
50
 and the H2-splitting reactivity
53
 observed also predicted lower 
hydridophilicity of B(p-HC6F4)3 than in B(C6F5)3. 
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Figure 10. Highly acidic fluoroaryl bis-boranes. 
Another efficient way to make highly acidic neutral boranes is by using the 
chelating effect of two boron centers (Fig. 10). Formation of μ-H-diborohydride in 
treatment of 25 with KBHEt3 was reported back in 1994.
99
 Bis-boranes 26 and 27 
were prepared, but showed no cooperation of boron moieties on binding of CH3CN 
and THF. Acting as monodendate acids with these donors, the compounds 
showed acidities similar to that of B(C6F5)3. Nevertheless, 26 was reported to 
coordinate various small anions, namely, F
-
, HO
-
, MeO
-
, C6F5O
-
, Me2N
-
 in a 
bidentate fashion.
100,
 
101
In addition, bis-boranes 26 and 28 form μ-H-diborohydride 
on H2 activation with TMP as a base.
IV,
 
102
 
Despite the structural similarity, diboranthracene 29 stands apart from 26 
and 27. Borane 29 has much higher affinity for acetonitrile than B(C6F5)3 according 
 26 
to calorimetric and equilibrium constant measurements.
89
 There is no simple 
explanation of the elevated affinity for CH3CN; the latter is neither bound in a 
bidendate mode, nor is the boron atom a part of an antiaromatic ring, as in 21 or 
27. Eventually, the phenomenon was attributed to geometric factors diminishing 
front as well as back strains and minimizing the overlapping of the boron atom p-
orbitals with the π orbitals of fluorinated arylene groups. Two neighboring o-C6F4 
moieties were believed to have strong cumulative electron-withdrawing effects. No 
data for the hydride affinity of 29 are available. 
When are the uniqueness of fluoroarylboranes as catalysts and cocatalysts 
of various organic transformations are discussed, they are usually compared with 
inorganic boranes, i.e. classic LAs. In this regard, it is particularly interesting to 
compare their acidities and B(C6F5)3 (Table 1). Several methods, e.g. Childs,
74
 
Gutmann,
74
 Lappert,
69,
 
74
 and Park
44
 (change in 
1
H NMR chemical shifts of α- and 
β-hydrogens in Me3N→BX3 and Et3N→BX3 adducts) showed that the Lewis acidity  
descends in the series BI3 > BBr3 > BF3 > B(C6F5)3, with good correlation observed 
between the methods. In direct calorimetric studies of acetonitrile binding B(C6F5)3 
was bound more strongly than BF3.
79, 85
 Surprisingly, calculations predicted that 
the HA of B(C6F5)3 would exceed that of any of the trihaloboranes, particularly the 
enthalpy the of hydride addition of BCl3, which was 24 kcal/mol lower.
50, 60 
In 
addition, the calculated HAs of various monomeric hydrohaloboranes BXnH3-n 
were additive: the HA decreased gradually on replacement of halogen atoms with 
hydrogen atoms. Importantly, the hydridophilicity of the lightest borane, BH3, was 
similar to that of BF3 (app. 70 kcal/mol), making both potentially able to activate 
H2.
60
 Amino- and hydroxyboranes are quite weak hydride acceptors, due to strong 
electron-donating properties of the substituents. On the other hand, introduction of 
EWGs as substituents on oxygen atoms led to dramatic rises in hydride affinity; 
triphenyl and tris(pentafluorophenyl) borates have affinities similar to those of BF3 
and BCl3, respectively.
63
 These calculated values are also supported by acidity 
measurements with the Gutmann method,76 showing good correlation, since both 
H
-
 and Et3PO, are considered as hard donors in terms of the HSAB theory. 
Interestingly, B(SH)nH3-n have HAs comparable to those of BH3 and BF3, making 
them another promising candidate for H2 splitting.
60, 63
 Of particular future interest 
is the cyano group, a very strong electron acceptor. BH2CN is extremely 
 27 
hydridophilic; HA 96–98 kcal/mol according to both calculations
50
 and gas-phase 
mass-spectrometric measurements.92 
Examples of H2 splitting with boranes containing elementary substituents 
are rare, but known: bis(aryl)boranes 30, 31 produce respective borohydrides 32–
35 with amines or phosphines as bases (Fig. 11).
 103,
 
104
 Borodihydride 
[(C6F5)2BH2]
-
 is unstable with some onium cations and dismutates into a mixture of 
[(C6F5)3BH]
-
 and primary dimeric borane [(C6F5)BH2]2 37. This result demonstrates 
that 37 is unable to activate H2, at least with the bases reported (Mes3P and 
(tBu)3Py), apparently, due to reduced Lewis acidity and significant stability of 
hydroborane dimer (in comparison to diarylborane 30, which exists as a mixture of 
monomer and dimer). 
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Figure 11. Bis(fluoroaryl)hydro- and bis(fluoroaryl)chloroboranes can activate H2, giving 
various products, depending on the nature of the fluoroaryl and the base. 
(C6F5)2BCl (38) can split H2 as well; however, regardless of the base used 
no chloroborohydride [(C6F5)2BClH]
-
 was detected; a dismutation (redistribution of 
H
-
/Cl
-
) into dichloroborates 39–41 and 30 occurred instead. The further fate of 30 
is dependent on the base: coordination with a base (TMP), H2 activation to give 
stable [(C6F5)2BH2]
-
 ((tBu)3P), or hydrogen activation with C6F5/H redistribution 
(Mes3P). Although it is difficult to distinguish the impacts of fluoroaryl, hydro, and 
chloro substituents in the total acidity of the boranes mentioned, the results 
 28 
reported demonstrate important patterns of H/Cl borane reactivity on H2 activation 
with FLPs, namely, dismutative redistribution, hydroborane dimerization, etc. 
 29 
3. Mechanistic (kinetic) basis of H2 splitting by FLPs 
Splitting of H2 by intermolecular FLPs includes interaction of three 
molecules. Since termolecular reactions are almost improbable, stepwise 
mechanisms were proposed to explain FLP-H2 reactivity, comprising association 
of two reactants prior to interaction with the third. 
Using a model reaction tBu3P (5) + B(C6F5)3 (1) + H2, calculations predicted 
the preassociation of tBu3P + B(C6F5)3 into a so-called 'encounter complex' (EC) 
42 as the most probable way (Fig. 12). A pronounced association energy ΔE = -
11.5– -13.1 kcal/mol originates from noncovalent interactions between the tBu and 
C6F5 substituents.
105,
 
106
 The partial concentration of 42 in toluene was estimated 
to be 0.5%, based on molecular dynamics simulations.
107
 In case of amines the 
formation of TMP-H···F-C6F4-B(C6F5)2 complex 43 was suggested based on 
colorizing of the FLP mixture.
46
 Calculations for the structurally similar system 2,6-
dimethyl-2,6-diphenylpiperidine + B(C6F5)3 + H2 showed that the formation of the 
analogical complex 44 was exothermic (ΔH = -7.98 kcal/mol), but endergonic (ΔG 
= 3.63 kcal/mol).
51
 The encounter complex produced can be considered as a 
single molecule analogous to ansa-bridged FLPs, with preorganized frontier 
orbitals slightly different from the original in individual molecules.
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Figure 12. Encounter complex formation between B(C6F5)3 and tBu3P (42) or 2,2,6,6-
tetra-substituted piperidines (43, 44). 
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The next step is the actual splitting of H2, for which various mechanisms 
were proposed. Initially, based on the transition state (TS) theory, an almost linear 
P···H-H···B early TS for the 42 + H2 system was calculated by Pápai et al.
105,
 
108
 
This TS was later criticized to be an artifact of the computational method.
109
 
However, in a recent article based on calculations of six various FLPs carried out 
at a higher level of theory, L-shaped TSs were found with the following typical 
geometry: H2 stretched up to 0.77–0.85 Å, donor-H-H was almost linear, while 
acceptor-H-H was L-shaped (Fig. 13b). Notably, this geometry is optimal for 
overlapping between LA's LUMO and σ(H2) (HOMO) on one side and LB's HOMO 
and σ*(H2) (LUMO) on another.
 110
  Treatment of the potential energy surface 
(PES) of the 42 + H2 system by Grimme et al.
109
 revealed that at sufficiently short, 
but achievable P-B distances, the H2 splitting can become completely barrierless 
(Fig. 13, a) and, hence, the kinetics can become controlled by H2 migration into 
the cavity of 42. In addition, they proposed that the H2 molecule can be split solely 
by the electrostatic field generated between the P and B atoms within the cavity of 
42.
109
 However, it was shown recently that the required values of the electrostatic 
field strength and its anisotropy do not allow such a process.
110 
Nevertheless, 
Privalov et al. recently studied the molecular dynamics of 42, and concluded that 
the P-B distance within it can achieve the values required for barrierless splitting, 
due to thermal oscillations.
111
  
a) b) 
  
Figure 13. tBu3P + B(C6F5)3 + H2 system: a) PES cuts at constant P-B distance 
(Reproduced with permission of John Wiley and Sons from S. Grimme, H. Kruse, L. 
Goerigk, G. Erker, Angewandte Chemie Int. Ed. 2010, 49, 1402–1405. Copyright 2010 
John Wiley and Sons); b) detailed TS (Adapted with permission from T. A. Rokob, I. 
a) 
 31 
Bakó, A. Stirling, A. Hamza, I. Pápai, Journal of the American Chemical Society 2013, 
135, 4425–4437. Copyright 2013 American Chemical Society) 
Some alternative mechanisms proposed for FLP splitting are worth 
mentioning as well. Ion-radical intermediates were suggested to form as a result of 
tBu3P oxidation with B(C6F5)3, although the concentrations of the active particles 
estimated, based on redox properties of (tBu)3P and B(C6F5)3 were too low for 
reasonable reaction rates (Fig. 14).
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Figure 14. H2 splitting via radical-ion mechanism. 
Another alternative mechanism includes binding of H2 to borane or a base 
(phosphine) prior to interaction with a counterpart. For borole 22a (Fig. 9) reacting 
with H2 in the absence of a base, R3B←H2 σ-complex formation was suggested as 
a first elementary step.
97
 The hydroboranes (Mes
F
)2BD (31-d),
113
  BH3-THF and  
DB(C6F5)2
114
 (30-d) were reported to exchange D/H upon heating with H2 in the 
absence of a base under mild conditions (in the latter case as a step of HB(C6F5)2-
catalyzed H/D exchange between deuterated silanes and H2) (Fig. 15). 
Computational treatment of the H/H-exchange between 31 or 30 and H2 revealed 
4-centered TSs 46 and 48. However, only for 31 were authors able to locate 
R3B←H2 σ-adduct 45. The latter is very high in energy and resembles the TS of its 
formation, energetically and geometrically. In addition, the fluorine atom of the CF3 
group interacted with H2, evidently stabilizing 45.
113
 Thus, it is quite likely that 
formation of the illusive 45, if any, is an exclusive feature of 31, rather than a 
common occurrence for PFB. Additional calculations suggested that in case of 
relatively sterically hindered amines (e.g. Et3N, unlike DABCO), formation of FLP-
H2 adduct 33 (Fig. 11) formation proceeds through R3B←H2 σ-adduct 45 as well. 
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Figure 15. D/H exchange of (Mes
F
)2BD and DB(C6F5)2 upon heating with H2. 
While the thermodynamic parameters of H2 activation can be quite reliably 
predicted computationally, the reaction mechanisms proposed are diverse and 
many of them seem to be viable. In this regard, one must note surprisingly few 
articles reporting direct kinetic studies,
49
 which can be compared with theoretical 
models to evaluate them. The main complication arising during these studies is 
rapid reaction rates and slow H2 diffusion which may become a rate-limiting step 
under certain conditions. The system tBu3P (5) + B(C6F5)3 (1), which was reported 
to activate H2 among the first FLPs,
86
 is the most popular model for computational 
analysis. This may be due to the highly symmetric C3 geometry
105
 of their 
encounter complex 42 (Fig. 12), minimizing the amount of the existing 
configurations and simplifying calculations. In this respect, precise kinetic data for 
H2 splitting with 5 + 1 would be extraordinarily important. A detailed experimental 
study of this system in an attempt to isolate the encounter complex 42 or detect it 
spectroscopically led to a finding of in situ formation of a well known bridged 
phosphinoborane 16. Hydrogen adduct 50, rapidly forming from 16, transfers H2 to 
5 and 1 and, apparently, can catalyze formation of adduct 6 (Fig. 16).
41
 This 
finding makes any results of kinetic measurements of H2 splitting with 5 and 1 
particularly doubtful. 
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Figure 16. Phosphinoborane 16 produced in situ from 5 and 1 can catalyze formation of 6. 
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4. Catalytic hydrogenation as the main application of 
FLPs 
The discovery of H2 activation with FLPs quickly addressed the question of 
the transfer of the thus activated H2 to unsaturated substrates.
47
 The resulting 
catalytic hydrogenation of various compounds is by far the most important 
achievement in the FLP area and was comprehensively reviewed recently.
25, 26, 27
 
Since H2 is split heterolytically by FLPs, they are naturally suitable mostly 
as catalysts for the hydrogenation of polar substrates. Initially, the hydrogenation 
of electron-rich imines and other structurally similar compounds was the main 
subject of the studies; the hydrogenation of C=N (imines, azines (heterocycles)) 
and C=C (enamines, silyl ethers, indoles) bonds was reported.
25, 26
 More exotic 
ring-opening hydrogenolysis of aziridines and hydrogenation of N-monosubstituted 
anilines into the respective cyclohexylamines
115
 are interesting extensions of the 
approach (Fig. 17). 
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Figure 17. Hydrogenation of various electron-rich substrate types catalyzed by FLPs. 
FLP-catalyzed hydrogenations of the electron-rich substrates can be 
divided into three types, depending on whether or not an additional base is used 
and if used, whether it is linked with the acidic component. B(C6F5)3 (1) alone 
serves as an efficient catalyst for hydrogenation of nitrogen-containing compounds 
such as imines,
116,
 
117
 quinolines,
118
 and indoles,
25
 while the substrate plays the 
role of a Lewis base during H2 activation. B(C6F5)3 as a catalyst has the advantage 
of low cost and commercial availability. Bis(borane) 28 was also used as the sole 
catalyst for hydrogenation of imines, although its catalytic properties were no 
 35 
better than those of B(C6F5)3.
102
 Borane 56 derived from pinene was evaluated as 
an asymmetric catalyst.
117
 The catalytic cycle is simple (Fig. 18): the H2 is split by 
FLP, consisting of imine 51 and borane 54, followed by a hydride transfer from a 
boron atom to the iminium carbon atom. At later stages of the process, the amine 
57 produced can serve as a Lewis base as well, and a proton transfer between its 
FLP-H2 adduct and imine 51 was required to propagate the catalytic cycle. With 
significantly sterically crowded substrates, the hydride transfer becomes kinetically 
sluggish and the reaction can stop at the step of the iminium borohydride 
formation (58).
116
 The hydride addition step is reversible; in the absence of H2 1 
can abstract hydride from various amines, producing their respective iminium 
borohydrides 54.
18
 Eventually, both the substrate and the final amine can bind to 
54, hampering its reactivity or even completely deactivating it (formation of 52 or 
53). This was the main motivation for developing the ‘size-exclusion’ FLP catalysts 
(see below).  
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Figure 18. Postulated mechanism of hydrogenation of imines catalyzed by solely Lewis 
acid. 
An intermediate case between B(C6F5)3 and bridged FLP systems is 
presented by intermolecular acid/base pair catalysts (Fig. 19). In comparison to 
B(C6F5)3-catalyzed hydrogenation, an auxiliary Lewis base 60 can provide optimal 
conditions for H2 splitting, regardless of the nature of the substrate 51. Although 
combinations of B(C6F5)3 with phosphine 63 were successfully used in catalytic 
hydrogenation of silyl enols,
119
 the most interesting example of catalysis of this 
 36 
type was presented by B(C6F5)2(Mes)/DABCO (61/62).
120
 Replacement of the C6F5 
group with the bulkier mesityl group provides a much more sterically demanding 
borane 61 than 1. This suppresses formation of adducts 52 and 53 from 61 and 
leads to extension of the substrate scope to sterically accessible imines and 
higher functional group tolerance. Sterically accessible DABCO (62) was the 
optimal base for H2 splitting with 61, while the reaction with TMP (7) as a base was 
two orders of magnitude slower. This result is not surprising, since both 
B(C6F5)2(Mes) and TMP are highly sterically hindered and cannot approximate the 
B-N distance optimal for H2 splitting, while compact DABCO or quinuclidine (64) 
can. This ‘size-exclusion’ concept demonstrates good practice of the rational 
catalyst design.
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Figure 19. a) Postulated mechanism of hydrogenation of imines catalyzed by 
intermolecular FLP. b) Schematic representation of the 'size-exclusion' concept. c) Other 
bases used in intermolecular FLP-catalyzed hydrogenations. 
Bridged systems have the potential advantage of faster H2 splitting (Fig. 
20). Indeed, with comparable activation barriers the concentration of encounter 
complex 42 of tBu3P and B(C6F5)3 in toluene was estimated as only 0.5 mol. %, 
while the bridged system itself can be considered as a 100% encounter complex. 
On the other hand, the additional step of proton transfer from hydrogenated 
catalyst 66 to substrate 51 is required. It should be noted that in contrast to 
 37 
intermolecular FLPs as catalysts (Fig. 19), in which proton transfer from 59 to 51 is 
assumed to be almost energetically neutral (if the basicities of an auxiliary base 60 
and imine 51 are similar), for a bridged system this step is likely to be endergonic, 
since the H2 adducts of bridged systems 65 are additionally stabilized by 
electrostatic interaction and an entropic factor. Charge-separated ionic pair 67 is 
uphill in energy. Among bridged catalysts, the most known are phosphinoborane 
68, developed in the Erker group
122
 and ansa-aminoborane CAT developed in the 
Repo/Rieger groups.
48
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Figure 20. Postulated mechanisms for hydrogenation of imines catalyzed by a bridged 
FLP. 
Asymmetric hydrogenation of imines was performed with FLP catalysts as 
well (Table 2). According to the postulated mechanisms (Figs. 18–20), it is the 
step of hydride transfer to the prochiral iminium salt that induces asymmetric 
excess. Boranes are flat molecules, due to their sp2-hybridized electronic 
structure. It is possible to design boranes 69 with non-equivalent substituents that 
could generate enantioenriched chiral borohydride 71 on H2 splitting with a chiral 
base, e.g. phosphine 70 (Fig. 21). In practice, however, H2 splitting requires at 
least two C6F5 groups connected to a boron center to provide sufficient Lewis 
acidity. Chiral borane 72 was prepared, but no catalytic hydrogenation or H2 
activation was reported with it.
123
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Figure 21. Hypothetical generation of chiral borohydride 71 induced by a chiral base 70. 
Chiral borane 72. 
As a result, with the few exceptions developed within this thesis,
I
 reported 
examples of asymmetric FLP catalysts were prepared by hydroboration of chiral 
alkenes with HB(C6F5)2. In the works by Klankermeyer
124,
 
125
 and Du
126
 boranes 
derived from camphor (56, 73, 74) or binaphtodienes (75) provided typical ee 
values of 70–85% when used as catalysts of N-aryl-arylethanimine hydrogenation 
under 20–25 bar H2, 25-65 °C and 5 mol% catalyst loading (Table 2). Interestingly, 
bridged phosphonium borohydride 74 not only could be recovered from the 
reaction mixture, but could also be used in successive hydrogenations up to five 
times without loss of asymmetric induction.
125
  
Table 2. Selected results of asymmetric hydrogenation of imines 51 catalyzed by chiral 
boranes 56, and 73–75.  
B(C6F5)2
56 B
-H(C6F5)2
Ph tBu3P
+H
B-H(C6F5)2
P+HtBu2
73
74
Ar
Ar
B(C6F5)2
B(C6F5)2
75
Ar =
 
51
N
R1
R2R3
 
  
  
  
R
1
 R
2
 R
3
 Catalyst ee, [yield] % 
Ph Me Ph 
56 13 [99]
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73 79 [95] 
74 72 [70] 
75 78 [98] 
Ph Me 4-MeOPh 
73 81 [99] 
74 73 [99] 
4-
MeOPh 
Me Ph 
73 81 [96] 
74 70 [99] 
75 84 [99] 
2-Np Me Ph 
73 80 [93] 
74 76 [51] 
75 74 [94] 
4-BnOPh Me Ph 75 89 [91] 
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It was also shown that chiral imines can be diastereoselectively 
hydrogenated, using 1 as a catalyst.
127
 Notably, imines 76 and 77, derived from 
chiral ketones (camphor and menthone), were reduced almost 
diastereospecifically, unlike 78, which was derived from chiral amines (Fig. 22). 
This could have resulted from the partial racemization of amines produced from 78 
as the results of α-hydrogen abstraction by 1 upon prolonged heating.
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Figure 22. Imines hydrogenated diastereoselectively with 1 as a catalyst. 
The hydrogenation of electron-rich compounds discussed above is the most 
common and studied application of FLPs. At the same time, polar unsaturated 
bonds of electron-deficient compounds were catalytically hydrogenated as well 
(Fig. 23). Regioselective hydrogenation of the conjugated C=C bond of (+)-
carvone 79 was the first reported instance of this type of reaction.
120
 The electron-
poor allenes 81 and alkenes 86 were hydrogenated at 60 bar H2 with a 
combination of B(C6F5)3 and DABCO (10–15 mol%).
129
 The conjugated enones 83 
and ynones 88 were hydrogenated at 10–40 bar H2 and elevated temperatures, 
using the catalysts 84 derived from addition of B(C6F5)3 to alkynes.
130,
 
131
 The 
nitroolefins 91 and acrylates 86 were hydrogenated under mild conditions, using a 
combination of novel borane B(2,6-F2C6H3)3 and pyridine bases.
88
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Figure 23. Reported examples of FLP-catalyzed hydrogenation of electron-deficient 
substrates. 
Saturated ester 87a-d (Fig. 24) is produced during stoichiometric reduction 
of substrate 86a with isotope-labeled borohydride 93, presumably as the result of 
borohydride attack on the ammonium-activated substrate (via 94). This 
mechanism is supported by formation of adduct 95 on exposure of the 
stoichiometric mixture of nitroalkene 91a, TMP, and THF→B(2,6-F2C6H3)3 to H2. 
Sluggish hydrogenation of the various substrates catalyzed by the 
B(C6F5)3/DABCO pair in comparison to the less Lewis acidic boranes MesB(C6F5)2 
and B(2,6-F2C6H3)3 can be explained by excessive stability of the 
DABCO→B(C6F5)3 adduct barely dissociating into FLP. 
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Figure 24. Formation of deuterated product 87a-d and intermediate 95 as evidence of 
borohydride attack on β-carbon to as elementary step in the hydrogenation of electron-
deficient multiple C-C bonds. 
Due to the heterolytic nature of FLP-H2 adducts, the latter are naturally 
suitable mostly for hydrogenation of polar unsaturated bonds. Hence, one of the 
most challenging problems until recently has been the hydrogenation of nonpolar 
multiple C-C bonds, such as in conventional alkenes and alkynes. Indeed, 
regardless of whether a proton or a hydride addition to the substrate should be the 
first elementary step of this reaction, these processes are very unlikely with 
nonpolarized C-C bonds. Despite the seeming infeasibility of this process, low 
basic phosphines 98–100 or amines (101) in combination with B(C6F5)3 efficiently 
catalyze hydrogenation of selected alkenes 96, easily producing carbocations (Fig. 
25).
57
 Moreover, polycyclic aromatic hydrocarbons 103 were partially 
hydrogenated with the same approach as well.
132
 A recent modification of this 
approach exploits Et2O as a base instead of phosphines and amines.
133
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Figure 25. FLP-catalyzed hydrogenation of unactivated unsaturated C-C bonds: in alkenes 
96 and anthracenes 103. 
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5. Ansa-aminoboranes among FLPs 
Frustrated B/N systems, including ansa-aminoboranes, were 
comprehensively reviewed by us recently.
IV
 Nevertheless, some aspects are worth 
mentioning. The Repo/Rieger groups were the first to publish that simple amines 
such as 2,2,6,6-tetramethylpiperidine (TMP) together with B(C6F5)3 can split H2 
heterolytically.
46
 Based on the initial finding, the ansa-system CAT was proposed, 
in which TMP and a boryl groups were linked together. This new compound was 
able to activate H2 reversibly, producing the respective ammonium borohydride 
CATH2.
48
 The barrier for H2 splitting was calculated to be 14.4 kcal/mol,
48
 and the 
geometry of the transition state was recently reported.
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Figure 26. Reversible H2 uptake by CAT and neutron diffraction structure of CATH2. 
d(H1-H8) = 1.67 Å. 
CAT has several distinct features. From the thermodynamic standpoint, the 
ansa-B/N junction has a pronounced stabilization effect on the H2 adduct, arising 
from an entropic factor (in comparison to the bimolecular FLPs) and electrostatic 
interaction of NH
+
 and BH
-
 hydrogen atoms. The latter approximate each other at 
a distance of 1.67 Å, producing the so-called ‘dihydrogen bond’ and contracting 7-
membered CCCBHHN cycle (Fig. 26).
134
 The ΔG value estimated for the process 
of H2 activation by CAT ranges from -12
50
 to -7.3
48
 kcal/mol. Even though these 
values are compatible with the reversibility observed, they seem to be 
overestimated. 
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The energy arising from association of the separate ions [H-LA]
+
 and [H-LB]
-
 
into ionic an pair [H-LA]
+
[H-LB]
-
 is the third stabilizing component appearing on 
partition of the energy of H2 splitting by any FLP (along with the energies of the 
proton and hydride attachments to an LB and LA, respectively). The value of the 
association energy is dependent on the distance between the centers of the LA 
and LB distance in the final H2 adduct.
50
 For linked systems the association energy 
calculated is proportional to 1/d(LA-LB), reflecting the electrostatic character of 
this free energy’s component (Fig. 27). Accordingly, for intermolecular FLPs the 
values lie within the range of -14 to -25 kcal/mol, while for CATH2 this value is -
34.2 kcal/mol (dBN = 3.25 Å). Notably, phenylene-bridged Piers’ aminoborane (2, 
Fig. 4) has a shorter B-N distance (2.87 Å), resulting in even higher (-44.5 
kcal/mol) association energy, while for phosphine-borane tBu2HP-BH(C6F5)2 (the 
H2 adduct of tBu2P-B(C6F5)2), an extremely high value of -65.6 kcal/mol was 
calculated. 
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Figure 27. ΔG of association of separate ions [HLB]+ and [HLA]- into ionic pairs 
[HLB]
+
[HLA]
-
 in toluene solution.
50
 
The CAT/CATH2 system is a metal-free catalyst for hydrogenation of 
various imines under typical conditions: 4 mol% CATH2, 110 °C, 12 h, 1 bar H2. 
Although the splitting of H2 with CAT is rapid, the catalytic properties of CATH2 in 
hydrogenation of imines are relatively poor. Moreover, substrates 51b and 51h 
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were hydrogenated under standard conditions in 37% and 4% conversions, 
respectively, due to inefficient H2 transfer to imine (Fig. 29). Proton transfer from 
CATH2 to imine results in formation of charge-separated particles 67 (Fig. 20) from 
neutral reactants. The intrinsic stability of ansa-ammonium borate makes this 
process unfavorable and can be demonstrated by the high endergonicity of the 
relevant reactions (Fig. 28). The reaction of proton transfer from CATH2 to an 
imine is strongly unfavored and hindered by a large barrier (up to 40 kcal/mol), 
suggesting that a typical imine being reduced has a basicity similar to that of TMP 
or lower. It should be noted that exact ΔG values can be extracted only for the 
formation of separate ions, rather than an associated ion pair; however, the 
calculated association energy of a broad range of intermolecular onium 
borohydrides does not typically exceed -25 kcal/mol.
50
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Figure 28. Estimated Gibbs free energies for proton transfer to TMP and hydride transfer 
to B(C6F5)3 from CATH2 in toluene. 
While substrates 51b and especially 51h were slowly reduced, due to the 
basicity issue, sterically accessible 51e–51g (Fig. 29) were not reduced with 
CATH2, presumably due to inhibition of the catalyst via formation of adducts 52a 
or 53a (Fig. 20). 
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Figure 29. Substrates showing problems on hydrogenation with CATH2: sterically 
accessible (51e–51g) and low basic 51b, 51h. 
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Results and discussion 
Hydrogenation of unsaturated bonds is one of the principal reactions in 
organic chemistry. A recent approach to the activation of H2, using powerful but 
sterically ‘frustrated’ Lewis acid-Lewis base pairs (FLPs) has opened a new way to 
catalytic hydrogenation.
2
 
The present work was focused mostly on the development of highly efficient 
FLP catalysts for hydrogenation of various substrates, based on the ansa-
aminoborane backbone initially developed in the Repo and Rieger groups.
48
 The 
association of the Lewis acidic and basic parts within a single molecule allows 
separating H2 splitting from other stages of the catalytic cycle, with further 
optimization of this process. In addition, most of the H2 adducts produced are 
isolable compounds, allowing easy separation of a pure catalyst, separate studies 
of the H2 activation processes, etc. 
6. Experimental details 
The ansa-aminoboranes were prepared by reaction between the respective 
aryllithium and the chloroboryl compounds. Ansa-aminoboranes are moisture-
sensitive compounds and were handled in an inert atmosphere. The structures 
and purity of the ansa-aminoboranes  were confirmed by various methods: NMR 
and mass-spectrometry, elemental analysis, single-crystal X-ray diffraction, etc. 
High purity (5.5 or 6.0 grade) H2 was used in the H2 activation and hydrogenation 
reactions. Further experimental details of the starting material purchase and 
purifications, syntheses and analyses of the target compounds, their reactivities, 
and catalytic properties can be found in the experimental sections of the 
publications attached and in the supplementary materials in the publications on 
the Internet. 
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7. New ansa-aminoboranes as efficient catalysts for the 
hydrogenation of nitrogen-containing compoundsI 
The initial goal of this work was to implement asymmetric FLP-catalyzed 
hydrogenations of imines with the existing CAT ansa system. Prior to moving in 
this direction, we needed to resolve several disadvantages, from which the 
existing catalyst suffered. First, we needed to make the catalyst work at room 
temperature, since elevated temperatures are not compatible with high 
asymmetric induction. Second, we had to resolve substrate restrictions to make 
the catalyst universal with respect to the substrate scope (see literature review). 
Both goals were achieved with a family of new ansa-catalysts, which were 
designed rationally, based on evaluation of the previously proposed catalytic 
cycle.
48
 Slow hydrogenation of imines by CAT/CATH2 catalyst was attributed to 
excessive stability of the CATH2 adduct. To shift the protonation equilibrium 
towards the products, the basicity of the amine part in the series of newly prepared 
ansa-aminoboranes was reduced (Fig. 30).  
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Figure 30. ansa-Ammonium borate catalyst with reduced basicity of the amine part 
(estimated with ACD Labs package (Advanced Chemistry Development Inc., Toronto, 
Ontario, Canada) for the respective N-benzylamines in water) and the catalytic cycle.
I
 
Gradual change in the amine part basicity enhanced the catalytic activity; full 
conversions of most of the substrates were achieved with the catalyst loadings 
reduced to 1 mol% (Table 3). The difference in activities was most pronounced 
with imines 51b and 51h. The turnover frequency (TOF) value for 51b increases in 
the order CATH2 – 0.77 h
-1
 (110 °C), MCATH2 – 1.75 h
-1
 (110 °C), QCATH2 ≥ 33.3 
h
-1
 (80 °C). QCATH2 was chosen as a catalyst of choice due to commercial 
availability of the starting 2,2,4,7-tetramethyltetrahydroquinoline. With this catalyst 
in hand, further optimizations were conducted. Ethereal solvents (THF, Et2O, 
MTBE) were not only compatible with the catalyst (QCAT) for the first time in FLP 
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chemistry, but also had a dramatic acceleration effect. During optimizations of the 
hydrogenation of 51b catalyzed by QCATH2, a TOF of ~100 h
-1
 was detected in 
Et2O at 50 °C. To the best of our knowledge, this value is still the highest among 
FLP catalysts developed for imine hydrogenation. Although the substrate 51h 
achieved only partial conversion on hydrogenation with QCATH2, the 
overstoichiometric reduction reflects the large progress achieved in ansa-catalyst 
development. 
Table 3. Catalytic hydrogenation of imines.
a)
 
Substrate Catalyst, mol% 
Time 
[h] 
Conv. 
[%]
b)
 
Substrate Catalyst, mol% 
Time 
[h] 
Conv. 
[%]
b)
 
Ph N Ph
51i
 
CATH2 4 20 100
 c)
 
Ph
N
OMe
51b
 
CATH2 4 12 37 
MCATH2 1 12 100 MCATH2 1 40 70 
QCATH2 1 12 15 QCATH2 1 3 100
d)
 
iPrICATH2 1 12 100 iPrICATH2 2 12 100 
Ph N Ph
51j
 
CATH2 4 6 100
 c)
 
Ph
N
EtO2C
O
51h  
CATH2 4 12 4 
MCATH2 1 12 100 MCATH2 4 12 4 
QCATH2 1 5 100 QCATH2 4 40 21 
iPrICATH2 2 12 100 iPrICATH2 4 12 15 
Ph N
51k  
CATH2 4 12 100
 c)
 
N Ph
51l  
CATH2 4 12 4 
MCATH2 2 12 100 MCATH2 4 12 4 
QCATH2 2 12 100 QCATH2 4 40 80 
iPrICATH2 2 12 100 iPrICATH2 4 12 100 
     QCATH2 4 6 100
e)
 
     iPrICATH2 4 6 94
e)
 
     B(C6F5)3 5 4 80
f)
 
a)
 ansa-Ammonium borate catalyst (0.01 mmol, 1–4%), substrate (0.25–1.0 mmol) in toluene 
(5.0 ml) were refluxed (110 °C) under 2 atm of H2 pressure (56 ml, 2.5 mmol). 
b)
 Determined by 
1
H 
NMR spectroscopy. 
c)
 Ref. 
48
 . 
d)
 80 °C. 
e)
 Et2O (3 ml) at room temperature. 
f)
 25 °C, 4 atm H2, ref. 
118
 
 
Another important feature of the new catalysts is the much easier release 
of H2 in comparison to CATH2 (110 °C, 24 h). QCATH2 already begins to 
dehydrogenate at room temperature on standing in solution and completes this 
process in less than 5 min at 110 °C, demonstrating energetically neutral H2 
uptake (Fig. 31). 
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Figure 31. Reduced basicity of the amine part in ansa-aminoboranes makes H2 uptake 
energetically neutral. 
The reduced basicity of the amine part decreases the stability of adducts 
not only of H2, but of other protic molecules as well. This opens the way to highly 
efficient methods of catalyst recovery (Fig. 32). After completion of the 
hydrogenation, the amine produced is extracted with aqueous HCl. The catalyst in 
the form of H2O adduct remains in the organic phase, and is converted into 
hydrogen bromide (HBr) adducts on treatment with TMSBr. The latter product is 
fairly unstable, similar to the H2 adduct, and rapidly releases HBr on heating in a 
vacuum. Resulting aminoborane, QCAT, was converted into QCATH2 in a 
conventional way for an overall yield of 80%. 
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Figure 32. Recovery of the QCATH2 from the reaction mixture via HBr adduct. 
Imine 51f was reduced only stoichiometrically with CATH2. After formation 
of the aminoborane, it is believed to be blocked by coordination of either the 
starting imine or the target amine to the boron center of CAT. To cope with this 
problem a highly sterically hindered analogue of QCATH2, iPrQCATH2, was 
prepared. Imine 51f was successfully hydrogenated with iPrQCATH2, thus 
substantially extending the scope of the reaction to sterically accessible substrates 
(Table 4). 
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Table 4. Hydrogenation of imine 51f catalyzed by ansa-ammonium borates vs 
iPrQCATH2.
a)
 
N
51f
N+
B-
C6F5
C6F5
H
H
iPrQCATH2  
Catalyst mol% Time [h] Conv. [%]
b)
 
CATH2 4 12 4 
MCATH
2 
4 12 4 
QCATH2 4 12 4 
iPrICAT
H2 
4 12 4 
iPrQCA
TH2 
4 12 82 
a)
 ansa-Ammonium borate catalyst (0.01 mmol, 1–4%), substrate (0.25–1.0 mmol) in toluene (5.0 ml) 
were refluxed (110 °C) under 2 atm of H2 pressure (56 ml, 2.5 mmol). 
b)
 Determined by 
1
H NMR 
spectroscopy. 
 
Eventually, after the problems of activity and substrate scope were 
successfully resolved, asymmetric hydrogenations were attempted with ansa-
catalysts (Table 5). For this purpose, a chiral version of QCATH2, Q*CATH2, was 
prepared along with chiral ansa-catalyst CarCAT derived from the terpene carvone. 
The highest ee values of 35–37 % were reached with Q*CATH2 catalyst under mild 
conditions (room temperature). This result is quite surprising, since the chiral center 
of Q*CATH2 is located on the periphery of the molecule relative to the B center, 
which induces asymmetry in the amine produced. In addition, X-ray diffraction 
analysis showed that Q*CATH2 exists as a mixture of two diastereomers, thus even 
in H2 splitting, which is believed to be a synchronous process, the chiral center has 
very weak asymmetric induction. The ee values achieved demonstrate that even 
under such unfavorable conditions, the chiral amine in the ansa-aminoborane 
moiety has high potential for asymmetric induction. The H2 transfer to substrate is 
likely to proceed as a close-contact ionic pair, causing higher differences between 
diastereomeric transition states. 
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Table 5. Asymmetric catalytic hydrogenation.
a)
 Structures of S-CarCAT and diastereomers 
of Q*CATH2. 
Substrate Catalyst Solvent 
Tim
e, h 
T,  
°C 
Conv., 
[%]
b)
 
ee 
[%]
c)
 
N
B C6F5
C6F5
  S-CarCAT
N+
B-
H
H
C6F5
C6F5
N+
B-
H
H
C6F5
C6F5
Q*CATH2 (major)
Q*CATH2 (minor)
 
Ph
N
OMe
51b  
Q*CATH2 Toluene 1 80 100 4 
Q*CATH2 Hexane 1 80 100 1 
Q*CATH2 Et2O 1 60 100 12 
Q*CATH2 Et2O 1 20 100 19 
Q*CATH2 MTBE 1 20 100 26 
Ph N Ph
51j  
Q*CATH2 Et2O 1 60 100 21 
Q*CATH2 Et2O 12 20 100 31 
Q*CATH2 MTBE 12 20 100 35 
N Ph
51l  
Q*CATH2 Et2O 1 60 100 18 
Q*CATH2 Et2O 12 20 100 31 
Q*CATH2 MTBE 12 20 100 37 
Ph
N
OMe
51b  
CarCAT Toluene 20 80 70 8 
CarCAT Hexane 20 80 30 17 
CarCAT Et2O 20 60 35 17 
a)
 Catalyst (0.01 mmol, 4%) and imine (0.25 mmol) were stirred in solvent (3.0 ml) under 2 atm of 
H2 pressure. 
b)
 Determined by 
1
H NMR spectroscopy. 
c)
 Determined by chiral-HPLC. 
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8. 2-Boryl-N,N-dialkylanilines – ansa-aminoboranes with 
a reduced bridgeIII 
Low asymmetric induction during hydrogenation with Q*CAT was attributed 
to excessive flexibility of the aminoborane molecule (Fig. 33). Two identical C6F5 
groups possessed by the boron center together with a flexible chiral amine moiety 
create too weak a chiral surrounding. 
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N
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Figure 33. New (SCAT) and previously reported (2) 2-boryl-N,N-dialkylanilines.  
We envisioned that more rigid aminoboranes can be prepared by removing 
the methylene bridge between the phenylene and the amine part. Two model 
achiral aminoboranes (SCAT and DMCAT) were synthesized (Fig. 34) to evaluate 
the potential catalytic properties of this reduced system in hydrogenation of imines. 
This type of ortho-junction aminoborane (Fig. 33, 2) was reported back in 2003 in 
an unsuccessful attempt to activate H2.
45
 Although the authors distinctly described 
the approach, later called FLP, emphasizing the importance of using highly Lewis 
acidic 
C6F5 groups and simultaneous presence of the base, H2 was not activated, due to 
insufficient basicity of the diphenylamino group, as the authors suggested. Hence, 
the subgoal within these studies was to elucidate whether H2 activation was 
unsuccessful due to low basicity, or other issues, e.g., mutual B/N geometry. 
 54 
SCAT, >95%
DMCAT, 69%
B
C6F5
C6F5
N
B
C6F5
C6F5
N
I
N
105
Br
N
BuLi, hexane
0 °C, 90%
Li
R
107 (98%), R = TMP
108 (90%), R = N(CH3)2
ClB(C6F5)2
toluene, -90 °C
106
2 bar H2, RT
C6D6 or PhMe
instantly, 100%
2 bar H2, 12 h, 100% 
Ar, 10% mol./day
RT  C6D6
110 °C, 4 days
2.6%
SCATH2
B-
C6F5
C6F5
N+
H
H
B-
C6F5
C6F5
N+
DMCATH2
H
H
 
Figure 34. Synthesis of the 2-boryl-N,N-dialkylanilines SCAT and DMCAT and their 
reaction with H2. 
Both compounds were prepared in good to excellent yields from the 
respective organolithiums and ClB(C6F5)2 in non-coordinating solvent. X-ray 
diffraction analysis revealed that DMCAT exists as the intermolecular N→B adducts 
(d(N-B) = 1.771(3) and 1.741(3) Å), while SCAT is truly frustrated, evidently due to 
the highly sterically bulky TMP group.  
Despite their structural difference, both aminoboranes activated H2 at 
ambient temperature and 2 bar partial pressure. SCAT produced the extremely 
stable adduct SCATH2 which did not release H2, even on prolonged heating. The 
intrinsic stability of SCATH2 was attributed to the rigidity of the phenylene bridge 
and mutual B/N geometry, giving rise to a 6-membered C-N-H-H-B-C ring (rather 
than 7-membered as in CATH2). DMCAT reversibly reacts with H2, already 
releasing it back at room temperature on venting off the vessel. Apparently, 
intramolecular B-N bonding in DMCAT plays a crucial role in the slow kinetics 
observed during H2 addition, as well as in the near-neutral energetics of this 
process. 
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Table 6. Substrates used in attempted catalytic hydrogenations with SCAT/SCATH2 or 
DMCAT/DMCATH2. Hydrogenation of 51f  and 106 catalyzed by DMCAT
a)
 
N
R
R = 4-methoxyphenyl 51b
R = benzyl, 51j
N
51g
N Ph
51l
N
51f
N
109
 
Substrate 
Loading of 
DMCAT, 
mol% 
T, ° C Time, h 
Conver-
sion, % 
51f 4 110 36 30 
51f 10 80 18 70 
51f 10 100 18 81 
51f 15 80 22 100 
109 5 25 18 15 
109 5 80 1 100 
a) 0.25 mmol of substrate, catalytic amount of DMCAT and 0.5 ml of C6D6 were placed in a Schlenk tube 
and stirred under 2 bar H2 under respective conditions. Conversions were determined by 
1
H NMR of 
crude reaction mixtures. 
 
SCAT and DMCAT (or respective H2 adducts) were tested as catalysts for 
hydrogenation of imines (Table 6). We found that SCATH2 is unable to transfer H2 
to any substrate, even benzaldehyde, catalytically or stoichiometrically. DMCATH2 
showed more promising results; however, of the substrates tested (used previously 
with CATH2, QCATH2, etc.) only two, 51f and 106, were hydrogenated. Since these 
substrates are the least sterically hindered (51f was a model substrate during 
development of iPrQCATH2, while for enamine 109 protonation proceeds at the C-2 
rather than the N atom), we suggested the extreme steric hindrance of DMCATH2 
makes sluggish or prevents H2 transfer to substrates 51b, 51g, 51j, and 51l. 
However, further studies of the reactivity of the ortho-(dimethylamino)phenylboryl 
core (see Chapter 9) revealed easy cleavage of the B-C6F5 bond as the result of 
intramolecular protonolysis. On heating of the DMCAT with dibenzylamine (115) 
and indoline (117), mono- and disubstituted aminoboranes 110 and 111 formed 
(Fig. 35). Enamines, 109 in particular, produce tertiary amines on hydrogenation, 
which are not protogenic in contrast to secondary amines.
135
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Figure 35. DMCAT degradation during heating with secondary (protogenic) amines. 
In summary, both SCAT and DMCAT activate H2 under ambient conditions. 
Although they show poor catalytic properties in the hydrogenation of imines, they 
have many distinctive features, which are disclosed in subsequent chapters. 
9. Hydrogenation of unactivated multiple C-C bondsV 
 FLP-catalyzed hydrogenation of unactivated C-C bonds is a challenging 
goal, due to existing natural mechanistic limitations (Fig. 36a). FLPs split H2 in a 
heterolytic way, generating onium borohydrides. At the respective step of the 
catalytic cycle, proton transfer from onium borohydride 123 to substrate 124 should 
occur. This proton transfer proceeds very easily in the case of relatively highly basic 
imines as substrates, but is a very unlikely process for hydrocarbons, due to the 
high level of acidity of the carbocations. Decrease in the basicity of the amine 122 
to make it able to protonate a wider variety of substrates may lead to inability to split 
H2. Despite the seeming infeasibility of this approach, it was successfully 
implemented recently, using combinations of B(C6F5)3 with finely selected low-basic 
phosphines, amines
57
 or, recently, Et2O,
133
 as catalysts. This method is still 
restricted to alkenes with high proton affinity though. The hydrogenation of dienes 
(to monoenes), -methylstyrenes, 1,1-diphenylethylene, and trimethyl(2-
 57 
methylprop-2-enyl)silane was reported. Polyarenes having an anthracene core were 
reduced under similar conditions as well.
132
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Figure 36. Two potential mechanisms of unactivated C-C bond hydrogenation: traditional 
approach via sequential addition of proton and hydride (and vice versa) from FLP-H2 and 
novel approach via preceding hydroboration of C-C bond (substrate activation). 
 To circumvent this natural limitation, we proposed an FLP-based catalytic 
cycle (Fig. 36 b), in which H2 activation is preceded by a substrate activation step 
via hydroboration, a well-known reaction from organoboron chemistry. Hence, the 
Lewis acidic component of an FLP should be presented not by a tertiary borane, but 
by a secondary one 125 (hydroborane). Another essential step is the protonation of 
the alkyl or alkenyl group (substrate bound to B center) within the ionic pair 127. 
Initially, Piers borane ((C6F5)2BH) was attempted as a catalyst to bring about this 
new approach. A recent article and our trials showed that although (C6F5)2BH 
smoothly hydrogenates various alkynes and alkenes, and the resulting alkylboranes 
are able to split H2 in a heterolytic way, no production of reduced hydrocarbons was 
observed; the reaction gave only starting FLP via a reverse dehydrogenation 
process.
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In studying the thermal behavior of DMCATH2, we observed surprisingly 
easy cleavage of C6F5 group, producing the unique ansa-aminohydroborane hydro-
CAT (Fig. 37). This reaction is unprecedented in FLP chemistry and calculations 
predicted a low barrier (ΔG
‡
 = 18.1 kcal/mol) for this process. It proceeds as a direct 
protodeborylation of the sp2-carbon atom of the C6F5 group rather than involving 
carbocationic intermediates. Apparently, the favorable B/N geometry in the ortho-
 58 
Me2N-phenylboryl core is responsible for facile protonation of substituents on boron. 
This finding allowed us to perform highly selective metal-free semihydrogenation of 
unactivated internal alkynes into cis-alkenes.
V
 It should be noted that DMCAT is a 
crystalline compound that is stable indefinitely under Ar and can be loaded into a 
reaction vessel, generating the active catalytic species hydro-CAT in situ. 
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Figure 37. Formation of hydro-CAT. 
Various dialkyl-, diaryl-, and arylalkylacetylenes were successfully 
hydrogenated under standard conditions: 5 mol% of DMCAT in C6D6, 2 bar of H2, 
80 °C, 3 h (Table 7), demonstrating the generality of the approach and providing 
exceptional cis-stereoselectivity. Enynes, diynes, silyl-protected ynols and esters 
(Table 7, entries 10, 13, 12, 9) were successfully hydrogenated as well. The 
products were isolated in excellent yields in experiments scaled up to 10 mmol of 
substrate. Some of the substrates required prolonged reaction time and/or higher 
temperature and catalyst loading, while some were not hydrogenated at all. There 
are essentially two classes of alkynes that are not reduced with the current method: 
terminal alkynes and alkynes comprising a terminal double bond. Nevertheless, 
terminal alkynes have been silylated, using conventional methods, and the 
silylacetylenes obtained were smoothly hydrogenated (Table 7, entries 11, 16). 
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Table 7. Hydrogenation of alkynes, using DMCAT as a precatalyst.
V a)
 
R2R1
cat. - DMCAT
2.2 bar H2
C6D6, 
R2R1
H H  
Entry Substrate(s) Product(s) 
DMCAT 
mol% 
Time, 
h 
T, 
°C 
Conversion
b) 
[isolated yield], 
% 
(product) 
1 128a 128b 7 3 80 100 
2 
129a 129b 
5 3 80 100 
3 130a – 5 15 80 n.r.
c)
 
4 
   129a 
          :               = 1:1   
 130b 
– 5 3 80 n.r. 
5 
  129a 
          :              = 1:1   
130a 
– 5 3 80 n.r. 
6  131a  131b 7 3 80 100 
7 
 132a  132b 
10 3 80 100 
8 
 133a  133b 
5 3 80 100 [80] 
9 
O
OTBS
 134a 
O
TBSO
 134b 
5 3 80 100 [98] 
10 
 135a  135b 
5 3 80 100 
11 
Cl
Si
 136a Cl
Si
 136b 
5 3 80 100 [95] 
12 
O
Si
 137a 
O Si
 137b 
5 3 80 100 
13  
138a  
 138b 5 3 80 100 [94] 
14 
 139a 
 139b 
5 3 80 52 
15  9 80 100 [91] 
16 Si
 140a 
Si
140b 
5 3 80 
88 (140b) 
12 (140c) 
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17 Si
140c 
 1.5 80 
30.5 (140b) 
4.3 (140c) 
18 
 141a 
 141b 
 141c 
5 3 80 <20 
19 10 15 120 
71 (141b) 
9.5 (141c) 
20 
 
142a 
Bu
Bu 142b   
Bu
Bu
142c 
Bu
Bu 142d  
Bu
Bu
142e 
20 18 80 
44 (142b) 
26 (other 
alkenes)
c) 
21 15 10 120 
42 (142b) 
10 (142c) 
10.5 (142d) 
10.2 (142e) 
22 O
Si
 
143a 
– 5 3 80 n.r. 
a) 0.25–0.5 mmol of alkyne, catalytic amount of DMCAT, and 0.5 ml of C6D6 were placed in a Schlenk 
tube and stirred under 2 bar H2 under respective conditions. b) Cis-alkene if not otherwise stated. 
Defined by crude sample analysis with 
1
H/
13
C NMR. c) No reaction. d) Including bound to the catalyst. 
Catalytic activity up to 31.6 h
-1
 was estimated, using DMCAT or hydro-CAT 
as the catalyst under standard conditions and 129a or 133a as substrates. 
Remarkably, the catalytic hydrogenation proceeds at room temperature, although 
20 times more slowly than at 80 °C. Conversely, high pressure of H2 (30 bar) 
causes an almost 10-fold acceleration of hydrogenation: up to 296 h
-1
. 
No overreduction to alkanes was detected. Under standard conditions, cis-
alkenes were produced exclusively; traces of other products, such as trans-alkenes, 
have been barely detected by 
1
H NMR. The only exception found was 1-
trimethylsilyl-2-phenylacetylene 140a; a substantial amount of trans-alkene 140c 
was produced (12 mol%) independently of the conversion level (Table 7, entries 16, 
17). 140c is likely to be produced directly during hydrogenation. Accumulation of 
trans-alkenes as a result of isomerization was observed when prolonged heating 
and/or high temperature (120 °C) were applied to force hydrogenation of poorly 
reactive substrates (Table 7, entries 19, 21). 
Further mechanistic studies and their computational evaluation support the 
reaction to follow the general mechanism depicted at Fig. 38, b. In addition, various 
details of the reaction are revealed: 
1. Calculations (for but-2-yne 128a as a model substrate) predict that the 
activation barriers of all elementary steps have similar values ΔG
≠
 = 14–16 
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kcal/mol (Fig. 40). This means that, depending on the substrate and conditions, 
any of the barriers can be a rate-determining step (RDS). 
2. Internal alkynes are irreversibly hydroborated by hydro-CAT, producing their 
respective adducts 145, of which some were isolated. The rate of the 
hydroboration is controlled by steric and electronic factors. The rate greatly 
varies from instant reaction of hex-3-yne 129a at room temperature (the highest 
rate of the substrates tested) to negligible for diphenylacetylene 139a (requires 
heating at 80 °C). 
B
C6F5
N B
C6F5
N
R2
R1
H
R1 R2
H2 (H–H)
B-
N+
R2
R1
H
H
H
R2
R1
H
H
H
hydro-CAT
145
146
B
C6F5H
N
R2
R1
H
H
+
F
F
F F
F
k1
k2
145, 146:
a (R1, R2 = Me)
b (R1, R2 = Et)
c (R1, R2 = Ph)
147
k1/k2 » 100
for R1, R2 = Et
144a)
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b)
 
Figure 38. a) Mechanism of the hydro-CAT-catalyzed hydrogenation of alkynes and of the 
catalyst degradation process. b) Solution-phase Gibbs free energy diagram computed for the 
hydrogenation of but-2-yne (128a). Optimized structures of transition states identified for 
hydroboration (TShydr), heterolytic hydrogen splitting (TSsplit), and protonation (TSprot) 
steps are shown in the upper part of the figure. The energetics of the elementary steps 
identified computationally is consistent with the proposed reaction mechanism. 
3. For hex-3-yne having the highest hydroboration rate, the splitting of H2 is 
assumed to be the RDS, since a 15-fold increase in H2 pressure (from 2 to 30 
bar) causes a 10-fold acceleration of the reaction rate (TOF increased from 
31.6 to 296 h
-1
). 
4. The active catalyst hydro-CAT is unstable under the reaction conditions, 
decomposing through protonative cleavage of the remaining C6F5 group. For 
hex-3-yne as a substrate, formation of 147 is about 100 times slower than the 
hex-3-en-2-yl cleavage, leading to propagation of the catalytic cycle. This limits 
the maximum turnover number values and the minimal catalyst loading, ideally, 
is required to be at least 1 mol%. 
5. Reaction of hydroboration of alkenes with hydro-CAT is much less exergonic 
than of alkynes. Terminal alkenes react irreversibly, cis-1,2-di-(n-alkyl)ethylenes 
hydro-CAT + H2 
 + 128a 
145a + H2 
146a + H2 
hydro-CAT + 128b 
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reversibly, while the more hindered 1,2-disubstituted ethylenes do not react at 
all. The result of the irreversible hydroboration of terminal alkenes is inhibition 
of the reaction by substrates with a terminal double bond (Table 7, entry 22). 
6. Calculations predict that the analogical catalytic cycle for hydrogenation of 
alkenes can be brought about as well. However, the calculated barrier for the 
intramolecular protonative cleavage (protodeborylation) of the alkyl group is 
substantially higher than that of C6F5, resulting in the following stability against 
protonation: alkenyl < C6F5 < alkyl. In practice, this means that under standard 
conditions (2 bar H2, 80 °C, 5 h) terminal alkenes, which are irreversibly 
hydroborated by hydro-CAT, block the catalyst due to inability to propagate the 
catalytic cycle via protodeborylation. Under forcing conditions (40 bar H2, 80 °C, 
>15 h) full cleavage of C6F5 group is observed with no evidence of alkane 
formation. 
7. Terminal alkynes are not hydrogenated with the current system, since they tend 
to react via the C-H activation pathway (deprotoborylation) with the catalyst 
(Fig. 39), reacting further via protonative cleavage of the C6F5 group, leading to 
rapid degradation of the catalyst and loss of H2-splitting reactivity. 
B
C6F5
N
C6F5
DMCAT
149
Bu H
C6D6 or CD2Cl2
1 h at RT
or 5 min at 80 °C
     100%
1H and 11B NMR: 
3 new species
19F NMR: C6F5H only
4 eq.
Bu H
C6D6, H2, 3 h, 80 °C
B-
F5C6
NH+
C6F5
Bu
 
Figure 39. Terminal alkyne addition to DMCAT and further catalyst degradation. 
8. The mechanism proposed was supported by several isotope-labeling 
experiments with alkyne 148a (Fig. 40). On reaction with HD all four possible 
isotopomers 148b-e were produced in a ratio similar to statistic (1:1:1:1). When 
148a reacted with hydro-CAT, two regioisomeric vinylboranes, 145d and 145e, 
were formed. When this mixture was then treated with D2,  two isotopomers 
were observed in the same ratio, demonstrating selective deuterative cleavage 
the of B-C bond. 
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B
C6F5
N
R2
R1
H D2
B
C6F5
N
D
hydro-CAT-d
+
D
CD3
H
145d: R1 = CD3, R
2 = 4-MePh
145e: R1= 4-MePh, R2 = CD3
145d:145e = 79:21
CD3
H
CD3
D
148d, 79%
148e, 21%
148a
hydro-CAT
DMCAT 10 mol%,
1.2 bar HD
80 °C, 3 h
X
CD3
Y
148b, X, Y = H, 14.4%
148c, X, Y = D, 15.9%
148d, X = H, Y = D, 18.7%
148e, X = D, Y = H, 11%  
Figure 40. Scrambling of the isotopes upon reaction of alkyne 148a with HD in a similar to 
the statistic ratio (1:1:1:1) and selective deuteration of the B-C bond upon reaction of the 
regioisomeric vinylboranes 145d,e with D2. 
In conclusion, a new approach to unactivated multiple C-C bond 
hydrogenation was proposed. Using the catalytic system developed (precatalyst 
DMCAT, the actual catalyst hydro-CAT formed in situ), this approach was 
implemented as semihydrogenation of internal alkynes under mild conditions with 
exceptional cis-selectivity. 
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10. Hydrogen activation and catalytic properties of 
frustrated ansa-aminochloroboranesVI 
The storage of hydrogen with FLPs was proposed in 2003, in the paper 
mentioned above, by Piers et al.
45
 Although they were unable to activate H2 with 
their B/N system, afterwards, frustrated Lewis pairs were reported to feature direct, 
rapid, and noncatalytic H2 uptake. Moreover, changing the nature of the 
counterparts provides ample opportunity for tuning the thermodynamic properties of 
hydrogen activation process, making it reversible under desired conditions, if 
needed.
50, 53, 54, I
 The major problem of FLPs as hydrogen storage materials is their 
high molecular weight making their capacity for absorbed H2 very low. For instance, 
canonical FLPs, such as B(C6F5)3/TMP or B(C6F5)3/PtBu3 can absorb app. 0.3 wt% 
of H2 while 70-77% of weight falls in the C6F5 groups. In addition, high costs of 
FLPs originate mostly from that of the fluorinated aryls. 
It was shown in a literature review that the hydride affinities of many inorganic 
boranes approach that of B(C6F5)3. Of particular interest are the inexpensive 
commercially available boron halides and BH3 (as diborane or Lewis adducts). 
Activation of H2 with fluoroaryl-free boranes can provide low-cost catalytic 
applications, while the low molar weight of these compounds shows a promising 
approach to hydrogen storage. A previous attempt to use mixed C6F5/Cl type 
borane (C6F5)2BCl as an FLP part for H2 splitting demonstrated an important pattern 
of reactivity: the tendency towards Cl/H exchange leading to subsequent reactions 
(Fig. 11). We reasoned that the ansa-system can help to stabilize the H2 adduct due 
to a dihydrogen bond and other factors, as discussed previously. We prepared 
analogues of the aminoborane SCAT, in which the perfluorophenyl group was 
partially or completely replaced with a simple chlorine atom (Fig. 41). The chlorine 
atom is substantially smaller than the C6F5 group and the sterically bulky ortho-
TMP-phenyl backbone was chosen to prevent inter- as well as intramolecular B-N 
bonding similar to those found in DMCAT. Indeed, the new aminoboranes Cl-CAT 
and diCl-CAT are truly frustrated, as evident from their typically neutral borane 
11
B 
NMR shifts: 63.1 and 55.8 ppm, respectively. Both compounds were isolated in 
yields close to quantitative, similar to SCAT. Apparently, formation of side products 
is suppressed by the high steric hindrance of the TMP group, preventing addition of 
the second equivalent of 107 to the aminoborane. 
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H2 capacity, wt%:
0.36
0.47
0.67
B-
X
Y
N+
2 bar H2, RT
C6D6 or PhMe
instantly, 100%
H
HB
X
Y
N
Li
N
ClBXY
PhMe, -80 °C
-LiCl
> 95%
SCAT, X, Y = C6F5
Cl-CAT, X = C6F5, Y=Cl
diCl-CAT, X, Y = Cl
SCATH2, X, Y = C6F5
Cl-CATH2, X = C6F5, Y = Cl
diCl-CATH2, X, Y = Cl
107
 
Figure 41. Preparation of ansa-aminochloroboranes and their reaction with hydrogen. 
Upon exposure of the Cl-CAT or diCl-CAT solutions to hydrogen (2 bar), it 
is absorbed instantly, producing the respective chloroborohydrides Cl-CATH2 and 
diCl-CATH2 quantitatively.  Cl-CATH2 and diCl-CATH2 are white crystalline solids 
that are stable indefinitely under Ar at room temperature. These unique compounds 
were characterized comprehensively; their structures were additionally studied with 
single crystal X-ray diffraction method in the solid state and 2D NOESY 
1
H NMR in 
solution, showing consistency. For the first time among the ansa-aminoboranes, the 
NH
+
 hydrogen atom was attached to the Cl atom in Cl-CATH2 unlike other 
structures, including diCl-CATH2, containing dihydrogen bond (Fig. 42). There is no 
solid explanation for this finding, although gas-phase calculations predict preference 
of the chlorohydrogen over the dihydrogen bond in the ionic pair [NH4]
+
[HBCl3]
-
.
136
 
1.83(3) A
o
B-
Cl
Cl
N+
H
H
dihydrogen bond
NOE: 21%
B-
C6F5
H
N+
H
Cl
chlorohydrogen bond
6%
0.5%
NOE:
2.27(2) A
o
diCl-CATH2
Cl-CATH2
 
Figure 42. Structures of the chloroborohydrides  in the solid state and solution based on X-
ray diffraction and NOESY 
1
H NMR, respectively. 
This result opens the way to potential materials for H2 storage, based on 
FLP principles, since a chlorine atom with a molecular weight of 35.5 is substantially 
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lighter than a conventional C6F5 group with a weight of 167. DiCl-CAT with a 
molecular weight 298 is the lightest FLP reported to date that is able to activate H2 
with capacity of 0.6 wt%, which is more than twice as high as conventional FLPs 
(Fig. 41). 
The H2 adducts diCl-CATH2 and Cl-CATH2 were heated at 120 °C for 24 h 
to attempt H2 release. As a result, HCl adducts of aminochloroboranes 150 and 151 
formed, rather than the starting chloroboranes. Presumably, these compounds (Fig. 
43) were derived from dismutation of H2 adducts via H
-
/Cl
-
 exchange. Other 
products of dismutation, the respective di- or trihydroborates 152 and 153, were, 
presumably unstable and decomposed. During heating of Cl-CATH2, C6F5H was 
formed in amounts nearly equimolar to 151, as evidenced by 
19
F NMR. We suggest 
that pentafluorobenzene resulted from intramolecular protonative cleavage of B-
C6F5, similar to the formation of hydro-CAT. 
2.21(2) Å
2.21(2) Å
150
151
B
-
X
Cl
N+
H
H
Cl-CATH2 or
diCl-CATH2
120 °C, 24 h
toluene or
toluene-d8
B
-
X Cl
N+
H
Cl B
-
X H
N+
H
H
+
150, X = Cl, 48%
151, X = C6F5, 37%
152, X = Cl
153, X = C6F5
decomposition products
via loss of H2 or C6F5H (Cl-CATH2)
or further dismutation (diCl-CATH2)
 
Figure 43. Thermal decomposition of chloroborohydrides into chloroborates and their X-ray 
structures. 
Inability to achieve reversibility of H2 uptake was attributed to easy 
exchange of chlorine atoms between borane compounds and intrinsic stability of 
dichloroborates (HCl adducts). Evidently, the latter are stabilized additionally by 
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intramolecular hydrogen H
+
-ClB bond distinctly detected by X-ray diffraction (Fig. 
43). 
Eventually, the chloroborane DMCl, the chloroanalogue of the precatalyst 
DMCAT, was prepared and catalyzed the hydrogenation of alkynes. DMCl can be 
prepared in one-pot synthesis from inexpensive starting materials: N,N-
dimethylaniline, boron trichloride and butyllithium (Table 8). 
Table 8. Synthesis of DMCl and hydrogentation of alkynes catalyzed by DMCl.
a)
 
N
1) BuLi, TMEDA 5 mol%
hexane, 80 C N
2) BCl3,
toluene, -80 C B
Cl
Cl
>70%
DMCl
one-pot protocol
154
R2
R1
DMCl - cat.
H2
C6D6 R2
R1
H
H
 
Substrate 
p(H2), 
bar 
DMCl, 
mol% 
T, 
°C 
Time
, h 
Conversion
b)
 
   129a 
40 5 80 3 65 
 133a 
2 10 80 3 10 
2 10 80 18 34 
40 5 80 3 16 
2 10 80 16 73
c)
 
2 10 80 24 90
c)
 
Cl
Si
 136a 
2 10 80 3 14 
2 10 80 48 52 
40 5 80 3 13 
a) 0.25–0.5 mmol of alkyne, catalytic amount of DMCl, and 0.5 ml of C6D6 or CD2Cl2 were placed in a 
Schlenk tube (2 bar H2) or an autoclave (40 bar H2) and stirred at 80 °C. b) Conversions were 
determined by 
1
H NMR of crude reaction mixtures. c) 10 mol% of MeTMP added. 
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11. Hydrogen activation by carbonyl compounds and 
B(C6F5)3
II
 
Progress in the FLP area is increasing. FLPs catalyze hydrogenation of polar 
electron-rich and electron-deficient compounds, nonpolar multiple C-C bonds, 
perform asymmetric hydrogenation of imines, etc. However, catalytic hydrogenation 
of carbonyl compounds is still the challenge. The reduction of ketones and 
aldehydes, using only stoichiometric amounts of preprepared onium borohydrides 
was reported. Due to the intrinsic stability of the B-O bond and relatively high acidity 
of alcohols produced the final product exists as a very stable FLP product of the 
heterolytic cleavage of RO
δ-
-H
δ+
 bond (Fig. 44 a). Following the idea of QCAT 
recovery, we reasoned that it is possible to find such a weak base that the 
respective FLP-ROH adduct will be labile enough to provide sufficient concentration 
of FLP for the propagation of the catalytic cycle. 
+ B(C6F5)3
155a, R = H
155b, R = Ph
H2 (2 atm)
CD2Cl2
110 °C, 48 h
157a, R = H, 40 %
157b, R = Ph, 45 %
O
R
R
HO
R
B(C6F5)3
O
R
1/2
+
1/2
156a, R = H
156b, R = Ph
R3B +
R1
R2
O
+Base + H2 [HBase]
+[HBR3]
-
R1
R2
O
BR3
[HBase]+
- R1
R2
OHR3B + Base
a)
b)
-C6F5H 
-(C6F5)2BOH
OH+
R
[HB(C6F5)3]
-
 
Figure 44. a) FLP-ROH adducts are very stable, do not dissociate and, hence, cannot 
propagate the catalytic cycle. b) B(C6F5)3-assisted hydrogenation of carbonyl compounds. 
Eventually, we found that carbonyl compounds, namely benzaldehyde 155a 
and benzophenone 155b, on heating with equimolar amounts of B(C6F5)3 under H2, 
are reduced to toluene and diphenylmethane, respectively (Fig. 44 b). The 
intermediate formation of adducts 156 is evidenced by condensation with toluene-d8 
when the latter is used as a solvent. In adfition, the incorporation of gaseous 
hydrogen into reduced species was evident in the experiments with D2. 
Apparently, carbonyl compounds serve as bases during H2 splitting with 
B(C6F5)3. Analogous to the hydrogenation of imines catalyzed by B(C6F5)3, the 
intermediate onium borohydrides instantly turns into the products 156. Adducts 156 
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quickly dismutate into 157 and starting 155, which occurs in an independent 
experiment on mixing of the respective alcohols with B(C6F5)3. This reactivity can 
open the way towards FLP-catalyzed hydrogenation of carbonyl compounds. 
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Conclusions 
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H
H
N
B
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Catalytic hydrogenation of imines:
1% catalyst loading;
room temperature;
80% catalyst recovery
up to 37% ee induction
Next-generatation ansa-catalysts: 
QCATH2, iPrICATH2, iPrQCATH2
CAT
DMCAT:
catalytic hydrogenation of
internal alkynes
B
C6F5
C6F5
N
B
X
Y
N
SCAT       X, Y = C6F5
ClCAT      X = C6F5, Y = Cl
diClCAT   X, Y = Cl
H2 capacity, wt%:
0.36
0.47
0.67  
Figure 45. New ansa-aminoboranes developed in the present work and their properties. 
It was shown within this work that (Fig. 45): 
1. Frustrated ansa-aminoboranes are efficient catalysts for metal-free 
hydrogenation of polar (imines, enamines, quinolines) as well as nonpolar 
(alkynes) unsaturated compounds under mild conditions. 
2. Different parts of ansa-aminoboranes, the amine moiety, the boryl group, and 
the link can be easily modified, resulting in compounds featuring new 
unprecedented properties. 
3. Reduction of the basicity of the amine part of the initial CAT system resulted in 
a family of highly active ansa-aminoboranes for hydrogenation of imines and 
other nitrogen-containing compounds, featuring high activity under mild 
conditions (TOF up to 100  h
-1
), broad substrate scope, catalyst recovery, 
compatibility with ethereal solvents, and asymmetric induction (ee up to 37%). 
4. Two new ansa-aminoboranes SCAT and DMCAT, were prepared as analogues 
of the original CAT system with a linker reduced (ortho-phenylene). Although 
DMCAT has an intramolecular B-N bond and  SCAT is truly frustrated, both 
aminoboranes activate H2 under ambient conditions.  
5. DMCAT is an efficient precatalyst of cis-stereoselective semihydrogenation of 
internal alkynes. The active catalyst species hydro-CAT is produced in situ via 
hydrogenolysis of the B-C6F5 bond. 
6. The alkyne hydrogenation developed demonstrates a new approach towards 
metal-free hydrogenation of unsaturated unactivated C-C bonds. This approach 
combines hydroboration of substrate (substrate binding) and H2 splitting via an 
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FLP mechanism and results in mild reaction conditions and high hydrogenation 
rates. The mechanism of the alkyne hydrogenation is well supported by 
experimental and computational studies. In addition, calculations predict that 
the method can be extended to hydrogenation of alkenes. 
7. The ansa-aminochloroboranes Cl-CAT and diCl-CAT were prepared as 
analogues of SCAT, in which the C6F5 groups were partially or completely 
replaced with chlorine atoms. They activate H2 in a manner similar to that of 
SCAT, producing stable chloroborohydrides. 
8. This finding opens the way to lightweight FLP-based applications, since diCl-
CAT absorbs by weight two times more H2 than SCAT. To demonstrate this, a 
simple aminoborane DMCl, a dichloroboryl analogue of DMCAT, was prepared 
and showed catalytic properties in hydrogenation of alkynes. 
9. The ansa junction was essential in all cases mentioned, providing rapid H2 
splitting. The ortho-phenylene junction was crucial to hydrogenation of alkynes 
with hydro-CAT. Optimal B/N geometry facilitates protodeborylation, which 
proceeds as a synchronous mechanism according to calculations. This allows 
not only release of the reduced substrate from the catalyst core, but also in situ 
production of hydro-CAT from DMCAT. The ansa junction stabilizes 
chloroborohydrides Cl-CATH2 and diCl-CATH2, which are indefinitely stable at 
ambient temperature, unlike intermolecular systems. 
10. Not only amines, phosphines, and other highly basic compounds can split H2 
with B(C6F5)3, but simple carbonyl compounds as well. Benzaldehyde and 
benzophenone can be hydrogenated into their respective alcohols or 
hydrocarbons under 2 bars of H2 pressure in the presence of equimolar 
amounts of B(C6F5)3. 
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